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ABSTRACT 
Sioux City wastewater treatment plant (WWTP) has experienced filamentous 
bacterial growth in their secondary clarifiers. The filamentous bacteria create bulking sludge, 
which causes solids to remain in suspension, thereby creating high solids discharge in the 
WWTP effluent. Iowa State University (ISU) was contracted to conduct athree-phase study 
to investigate the WWTP operational problems. Phase I was a paper study that examined the 
causes of high volatile fatty acid (VFA) loading into the WWTP. Phase II characterized four 
selected industrial wastewaters in order to determine appropriate wastewater pretreatment 
techniques. Phase III involved the aerobic biological pretreatment of the four industrial 
wastewaters in laboratory-scale bioreactors to remove VFAs. Phase II and III are evaluated 
in this report. The four industrial wastewaters selected were Feed Energy, which produces 
acid oil that is used as a livestock ingredient; Darling, which is a rendering facility; Menu 
Food manufactures pet food; and John Morrell, a hog slaughtering facility that manufactures 
pork products. In Phase II, industrial wastewater samples were characterized based on VFA, 
soluble chemical oxygen demand (SCOD), biochemical oxygen demand (BOD), and volatile 
suspended solids (VSS) concentrations. Wastewater pretreatment recommendations were 
given to Sioux City WWTP and the WWTP decided that aerobic biological pretreatment 
should be tested for all four selected industries in Phase III. The Phase III results showed 
that the Feed Energy wastewater was not successfully pretreated aerobically to remove VFAs 
with HRTs ranging from 3 hours to 6 days. The Darling condensate wastewater achieved 
VFA removals of 43-74% with HRTs ranging from 12 to 48 hours and a 95% VFA removal 
was possible at an 18-hour HRT with phosphorus supplementation. VFA removals of 55% 
and 63 %were achieved for the Menu Food wastewater with HRTs of 4.5 and 9-hours. The 
John Morrell blood stick wastewater achieved VFA removals ranging from 25-71 %with 
HRTs ranging from 12 to 24 hours. 
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CHAPTER 1. INTRODUCTION 
GENERAL INTRODUCTION 
Sioux City wastewater treatment plant (WWTP) uses an activated sludge process for 
treating municipal and industrial wastewater and the WWTP has experienced continuous 
difficulty with filamentous bacterial growth. The filamentous bacteria create bulking sludge, 
which causes solids to remain in suspension, thereby resulting in high solids wash-out in the 
WWTP effluent. Research shows that anaerobic conditions in the sanitary sewer pipelines 
prior to the WWTP could produce volatile fatty acids (VFA), which promote filamentous 
bacterial growth in the activated sludge process. Most of the WWTP discharge violations 
stem from the discharge of suspended solids in the effluent. 
The Iowa Department of Natural Resources (IDNR) gave Sioux City a Consent Order 
that required the City to investigate ways to prevent these violations and other discharge 
related problems that have occurred in the WWTP. Per the City request, IDNR granted 
Sioux City approval to pursue a preliminary investigation with Iowa State University (ISU). 
The preliminary investigation would determine possible corrective and preventive measures 
or treatment options to combat the problematic anaerobic sewer conditions and the resulting 
VFA production compounding the total suspended solids permit violations. 
ISU conducted three phases of research for Sioux City WWTP and this report covers 
Phases II and III. Phase I found that anaerobic conditions in the sewers prior to the WWTP 
could produce VFAs, which are the likely cause of filamentous bacterial growth in the 
WWTP. The City wanted to investigate ways to minimize the VFAs entering the sewers, 
which could be accomplished by pretreating the industrial wastewaters to remove VFAs. 
Phase II identified, characterized, and examined wastewater pretreatment options from four 
major industries that discharge wastewater into the Sioux City sewer collection system. The 
four industries are Feed Energy, Darling, Menu Food and John Morrell. Phase III focused on 
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wastewater pretreatment techniques for these four industrial wastewaters in laboratory-scale 
aerobic biological reactors to remove VFAs. The Phase III results determined hydraulic 
retention times (HRT) that could be used for onsite pilot-scale testing of industrial 
wastewaters prior to discharging the wastewater into the Sioux City sewer system. 
The industrial wastewaters to be pretreated are generated from four unique industries. 
Feed Energy produces acid oil, which is used as a livestock feed ingredient. Darling is a 
rendering facility and the boiler condensate wastewater was tested as the main source of the 
high VFA contribution. Menu Food manufactures pet food and John Morrell is a hog 
slaughtering facility that produces pork products. 
Phase II of the study analyzed the four industrial wastewater samples over a two-
month period to determine average concentrations of various wastewater parameters such as 
VFA, total and soluble chemical oxygen demand (COD), biochemical oxygen demand 
(BOD) and volatile suspended solids (VSS). Wastewater pretreatment recommendations 
were then submitted to Sioux City WWTP based on the wastewater characterization results. 
The City then advised that aerobic wastewater pretreatment be conducted on all four 
wastewaters due to low cost and simplicity. 
Phase III of the study analyzed the aerobic pretreatment options for the four industrial 
wastewaters using laboratory-scale bioreactors. Aerobic sequencing batch reactors (SBR) 
and continuous stirred tank reactors (CSTR) were used to pretreat the wastewaters. The 
industrial wastewater pretreatment investigation determined HRTs that would be suitable for 
removing VFAs. The Phase III results were used to recommend HRTs to be tested during a 
pilot-scale study for each industry. The pilot-scale results will then be employed to design 
full-scale WWTPs that will pretreat the industrial wastewaters prior to discharge into the 
S10uX C1ty sealer System. 
1 
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ACRONYMS 
The following acronyms were used throughout this study: 
BOD =Biochemical oxygen demand 
COD =Chemical oxygen demand 
CSTR =Continuous stirred tank reactor 
DO =Dissolved oxygen 
GC =Gas chromatography 
HRT =Hydraulic retention time 
MLS S =Mixed liquor suspended solids 
MLV S S =Mixed liquor volatile suspended solids 
OLR =Organic loading rate 
SBR =Sequencing batch reactor 
SCOD =Soluble chemical oxygen demand 
SMA =Specific methanogenic activity 
sOUR =Specific oxygen uptake rate 
SRT =Solids retention time 
SVI =Sludge volume index 
TCOD =Total chemical oxygen demand 
TDS =Total dissolved solids 
TK:N =Total Kj eldahl nitrogen 
VFA =Volatile fatty acid 
V S S =Volatile suspended solids 
WW =Wastewater 
WWTP =Wastewater treatment plant 
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CHAPTER 2. LITERATURE REVIEW 
ABSTRACT 
The Sioux City wastewater treatment plant (WWTP) has been experiencing a 
problem with filamentous bacterial growth in their secondary clarifiers, which causes a high 
suspended solids concentration in the effluent water discharged from the plant. Iowa State 
University (ISU) was chosen to investigate industrial wastewater pretreatment options for 
four selected industries. An aerobic wastewater treatment process was determined to be the 
best approach. A sequencing batch reactor (SBR) and continuous stirred tank reactor 
(CSTR) were used to investigate aerobic pretreatment options for the four industrial 
wastewaters. An SBR is a four-step operation: (1) fill, (2) react, (3) settle, and (4) decant. 
Volatile fatty acids (VFA) are a portion of the chemical oxygen demand (COD) and the high 
VFA concentrations entering the WWTP are the cause of the filamentous bacterial growth. 
In general, common causes of filamentous bacterial growth are low dissolved oxygen (DO) 
levels, nutrient deficiencies, low food-to-microorganism (F/M) ratios and high VFA 
concentrations. Industrial wastewaters may be lacking in nutrients vital to aerobic biological 
wastewater treatment. Toxicity in biological systems may have several causes such as 
inorganic salts and ammonia, which result in retardation of biological wastewater treatment 
at high concentrations. The optimal pH range for biological treatment is 6.05-8.5. The 
minimum solids retention time (SRT) needed for biochemical oxygen demand (BOD) 
removal in industrial wastewaters is 3-5 days. Microbe acclimation is vital for successful 
pretreatment of industrial wastewaters. 
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INTRODUCTION 
The Sioux City wastewater treatment plant (WWTP) has been experiencing a 
filamentous bulking sludge problem in their secondary clarifiers. The filamentous bacterial 
growth keeps solids in suspension and thereby creates high solids concentrations in the 
effluent water discharged from the WWTP. Iowa State University (ISU) was contracted to 
conduct athree-phase of study for the Sioux City WWTP. This report focuses on Phases II 
and III. Phase II characterized four industrial wastewaters and recommended wastewater 
pretreatment options for each industry. Phase III tested four industrial wastewaters in 
laboratory-scale aerobic biological reactors to remove volatile fatty acids (VFA) from the 
wastewaters. An aerobic sequencing batch reactor (SBR) and continuous stirred tank reactor 
(CSTR) were used to pretreat the industrial wastewaters. The following section will explain 
in detail the activated sludge process, the sequencing batch reactor (SBR) operation, VFAs, 
causes of filamentous sludge bulking, factors affecting treatment of industrial wastewaters in 
a municipal WWTP, the addition of nutrients to industrial wastewaters, toxicity in biological 
systems, the effects of pH, solids retention time (SRT) and alkalinity on wastewater 
treatment, and finally microbial acclimation for industrial wastewater treatment. 
LITERATURE REVIEW 
Basics of Activated Sludge Process 
An activated sludge process is commonly used for municipal and industrial biological 
wastewater treatment. The activated sludge process dates back to the early 1900s in 
Manchester, England as described by Ardern and Lockett (1914, as referenced in Metcalf and 
Eddy, 2003). The process is a continuous operation that consists of three parts: (1) a reactor 
that suspends and aerates microorganisms responsible for wastewater treatment, (2) a solid-
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liquid separation of microorganisms and treated water and (3) a recycle stream to return 
microorganisms to the aeration tank. Traditional activated sludge processes occur in two 
tanks, an aeration tank and a clarifier to separate the treated water from the microorganisms. 
The activated sludge process received its name because it involves the production of an 
activated mass of microorganisms capable of aerobic stabilization of organic material in 
wastewater (Metcalf and Eddy, 2003). Aerobic biological wastewater treatment converts 
about 50% of soluble biochemical oxygen demand (BOD) into carbon dioxide and water and 
the other 50% of BOD is converted to new biomass, as shown in Figure 2.1. 
Soluble BOD 
1 kg 
~~~2"O~iC ~I"O G E 
Ne~T BioYnas s 
0.~ kg 
Figure 2.1. BOD fractionation in aerobic biological wastewater treatment (Khanal, 2005) 
Sequencing Batch Reactor Operation 
The sequencing batch reactor (SBR) is a modified activated sludge process that 
combines the aeration and settling processes into one tank. The SBR has afour-step 
operation: (1) fill, (2) react (aerate), (3) settle, and (4) decant (effluent withdrawal). Figure 
2.2 illustrates the four steps of the SBR operation. The SBR is completely mixed during the 
aeration phase of operation. Average SBR timing allows 6 hours for aeration, 30 minutes for 
settling, and the filling and decanting cycles take less than 30 minutes each. The hydraulic 
retention time (HRT) estimates the amount of time the wastewater remains in the tank and is 
calculated by dividing the reactor volume (V) by feed wastewater flowrate (Q), as shown in 
equation 2.1. Filamentous bacteria are normally obligate aerobes and the SBR operation is 
effective at controlling filamentous bacterial growth (Martins et al., 2004). 
!n~luent 
HRT=V 
Q 
Equation 2.1. 
Effluent 
Fi!! ~eact/aeration --~- fettle Decant 
Time sequence 
Figure 2.2. Schematic diagram of SBR operation (Metcalf and Eddy, 2003) 
Volatile Fatty Acids 
Volatile fatty acids (VFA) consist of short chain fatty acids (C1 to CS), such as 
formic, acetic, propionic, butyric and valeric acids. VFAs are a portion of the total chemical 
oxygen demand (COD) in a wastewater, as shown in Figure 2.3. VFAs are classified as 
water-soluble fatty acids that can be distilled at atmospheric pressure (Standard Methods, 
1995). Table 2.1 provides the molecular formulas, boiling points and vapor pressures of 
VFAs. It should be noted that only acetic, propionic, butyric and valeric acids are included 
as VFAs in wastewater treatment. VFAs are quickly degraded by microorganisms. The 
shorter carbon chain VFAs, such as acetic acid are more readily consumed by 
microorganisms than higher chain VFAs such as butyric and valeric acids (Maier et al., 
2000). 
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Figure 2.3. Fractionation of COD in wastewater (Metcalf and Eddy, 2003) 
Table 2.1. VFA structures and physical properties (MSDS, 2006) 
Volatile Fatty Acids Molecular Formulas Boiling Points 
(°C) 
Vapor Pressures 
(mm Hg at 20°C) 
Formic Acid HCOOH 101 23 
Acetic Acid CH3COOH 118 11 
Propionic Acid CH3CHZCOOH 138 1.33 
iso-Butyric Acid (CH3)2CHCOOH 154 1.5 
n-Butyric Acid CH3CH2CH2COOH 162 0.43 
2-methyl Butyric Acid CH3CHZCCH3COOH 175 0.3 
3-methyl Butyric Acid (CH3)ZCHCHZCOOH 177 0.44 
n-Valeric Acid CH3CHZCH2CH2COOH 187 0.15 
Filamentous Sludge Bulking 
In many cases, mixed liquor suspended solids (MESS) with poor settling 
characteristics develop sludge bulking problems, which defines a condition in the activated 
sludge clarifier that can cause high effluent suspended solids and poor treatment performance 
(Metcalf and Eddy, 2003 ). Good settling sludge contains pin flocs that will settle in the 
WW'I~l' clarifiers, whereas poor settling sludge will not settle in the clarifiers and cause high 
suspended solids in the WWTP effluent. The high concentration of suspended solids in the 
effluent will cause permit violations, inadequate disinfection, and clogging of effluent filters. 
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Figure 2.4. Microscopic image of filamentous bacteria from the aeration basin of Sioux City 
WWTP (400x) (Conner, 2004) 
Two principal types of sludge bulking problems have been identified: (1) filamentous 
bulking, caused by the growth of filamentous organisms or organisms that can grow in 
filamentous form under adverse conditions (Metcalf and Eddy, 2003) and (2) viscous 
bulking, caused by an excessive amount of extracellular biopolymer that produces a sludge 
with a slimy, jellylike consistency (Wanner, 1994). Filamentous bulking sludge is the most 
common cause of sludge bulking in W WTPs. Filamentous sludge forms when 
microorganisms attach end-to-end, creating a higher surface area to volume ratio and 
therefore decreasing the sludge floc density and settling velocity. Figure 2.4 is a picture of 
filamentous bacteria from the Sioux City WWTP aeration tank. Filamentous bulking sludge 
is also caused by low nutrient concentrations, elevated low molecular weight organic acid 
concentrations, plant design and operational conditions, including dissolved oxygen (DO) 
and food-to-microorganism (F/M) ratios (Ekama and Wentzel, 1999), as shown in Table 2.2. 
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Table 2.2. Conditions associated with filamentous microorganism growth in activated sludge 
WWTP (Jenkins et al., 2004 
Causes Filamentous Organisms 
Low dissolved oxygen 
(DO) concentration 
S. natans 
Type 1701 
H. hydrossis 
Low food-to- 
microorganism (F/M) ratio 
Type 0041 
Type 0675 
Type 1851 
Type 0803 
Elevated low molecular 
weight organic acid 
concentration 
Type 021N 
Thiothrix I and II 
N. limicola I, II and III 
Type 0914 
Type 0411 
Type 0961 
Type 0581 
Type 0092 
Hydrogen sulfide Thiothrix I and II 
Type 021 N 
Type 0914 
Type 0092 
Nutrient deficiency 
Nitrogen 
Phosphorus 
Type 021N 
Thiothrix I and Il 
N. limicola III 
H. hydrossis 
S. natans 
Low pH Fungi 
VFA Implications on Filamentous Sludge Bulking 
Most of the filamentous organisms can grow well on fairly simple, soluble, readily 
metabolizable organic substrates such as low molecular weight fatty acids (VFAs) and simple 
sugars (Jenkins et al., 2004). Many municipal WWTPs, particularly those treating significant 
amounts of industrial wastewater, are often subjected to very dynamic loading conditions, 
with respect to both quantity and quality (Nakhla and Lugowski, 2003). In 1994, the 
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Himmerfjarden, Sweden municipal WWTP experienced filamentous bulking problems 
associated with VFA contributions to the WWTP (Holmstrom et al., 1996). It should also be 
noted that VFA production in the sewers prior to a WWTP promotes filamentous bacterial 
growth. Filamentous bacteria can grow in biological pretreatment units at industrial facilities 
that discharge pretreated to effluent to the sewer system and on sewer walls, which seed 
activated sludge plants with high VFAs and filamentous bacteria (Jenkins et al., 2004; 
Kappeler and Gujer, 1994). The seeded filamentous bacteria proliferate in the WWTP and 
create bulking problems in an activated sludge process (Jenkins et al., 2004). 
Treatment of Industrial Wastewaters in Municipal WWTP 
Industrial wastewater can have a large impact on a municipal WWTP performance. 
Typically, the BOD in municipal WWTP contains 50% suspended organics, 10% colloidal 
organics and 40% soluble biochemical oxygen demand (BOD), whereas some industrial 
wastewaters contain almost 100% soluble BOD (Eckenfelder, 2000). In a municipal 
activated sludge plant, within the first few minutes of aeration, the suspended organics are 
rapidly enmeshed in the flocs, the colloids are adsorbed on the flocs and a portion of the 
soluble organics are adsorbed (Eckenfelder, 2000). Industrial wastewaters that are readily 
biodegradable have a portion of soluble BOD that will rapidly adsorb, but the remainder of 
soluble BOD is degraded as a function of time and biological solids concentration 
(Eckenfelder, 2000). Industrial wastewaters can therefore change the municipal wastewater 
kinetics and this should be considered in municipal WWTP design calculations. Table 2.3 
details the possible effects that industrial wastewaters can have on municipal WWTPs 
performance. 
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Table 2.3. Effects on municipal WWTP due to industrial wastewater (Eckenfelder, 2000) 
Effects on municipal 
WWTP performance 
Description of Effects 
Effect on effluent quality Soluble industrial wastewaters will affect the 
reaction rate. Readily biodegradable 
wastewaters will increase the reaction rate. 
Effect on sludge quality Readily biodegradable wastewaters will 
stimulate filamentous bulking, depending on 
basin configuration. 
Effect of temperature Increased industrial wastewater input will 
increase the temperature coefficient, 8, 
thereby decreasing efficiency at reduced 
operating temperatures. 
Sludge handling Increase in soluble organic-s will increase the 
percentage of biological sludge in the waste 
sludge mixture. This generally will decrease 
dewaterability, decrease cake solids, and 
increase conditioning chemical requirements. 
Nutrient Requirements for Industrial Wastewaters 
Microorganisms involved in the removal of organics from a wastewater require 
nutrients, e.g. nitrogen (N) and phosphorus (P) for growth and reproduction (Ammary, 2004). 
Microorganisms require nitrogen to synthesize proteins, cell wall components and nucleic 
acids (Maier et al., 2000). High-strength industrial wastewaters often lack nutrients such as 
nitrogen, phosphorus and micronutrients (i.e. trace elements) vital to microbial growth 
(Eckenfelder, 2000). Municipal wastewaters typically contain all nutrients required for 
microbial growth, but in the case of industrial wastewaters, nutrients might need to be added. 
Nitrogen-limiting conditions can reduce the amount of BOD removed. The ideal BOD:N:P 
ratio is 100:5:1 (Eckenfelder, 2000). The trace nutrient requirements for biological oxidation 
are shown in Table 2.4. 
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Table 2.4. Trace nutrient requirements for biological oxidation (Eckenfelder, 2000) 
Trace Nutrients 
Dose Required 
(mg/mg BOD} 
Manganese (Mn) 10 x 10-5
Copper (Cu) 14.6 x 10"5
Zinc (Zn) 16 x 10-5
Molybdenum (Mo) 43 x 10-5
Selenium (Se) 14 x 10-10
Magnesium (Mg) 30 x 10~ 
Cobalt (Co) 13 x 10-5
Calcium (Ca) 62 x 10~ 
Sodium (Na) 5 x 10-5
Potassium (K) 45 x 10~ 
Iron (Fe) 12 x 10-3
Carbonate (CO3) 27 x 10~ 
Toxicity 
Toxic compounds may be present in industrial wastewaters due to the use of 
chemicals during manufacturing processes. Toxicity in biological systems have several 
causes: (1) an organic substrate such as phenol is toxic in high concentrations, but 
biodegradable in low concentrations, (2) substances such as heavy metals that have a toxic 
threshold depending on operating conditions, and (3) inorganic salts and a.trunonia, which 
exhibit retardation of biological systems at high concentrations (Eckenfelder, 2000). Organic 
substrate toxicity can be minimized by using a complete mixed system in which the effluent 
will dilute the toxic influent compounds. Heavy metal toxicity can be avoided by 
acclimating the sludge to higher metal concentrations, therefore increasing the sludge metal 
toxic threshold. High concentrations of inorganic salts and ammonia are not toxic in the 
conventional sense, but rather exhibit progressive inhibition and a decrease in rate kinetics 
(Eckenfelder, 2000). 
Ludzack and Noran (1965) reported that hypersaline wastewaters are contributed by 
various industrial activities, such as tanneries, are rich in both organic matter and total 
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dissolved solids (TDS) and are difficult to treat with conventional biological wastewater 
treatment (Lefebvre et al., 2005). Hypersaline wastewater can be successfully treated using 
halophilic bacteria, but the changes in salinity affected the removal of organic matter more 
than the changes in HRT or organic loading rate (OLR) (Lefebvre et al., 2005}. 
Effect of pH on Aerobic Biological Treatment 
A relatively narrow effective pH range of 5 to 9 exists for most biological systems 
with optimum pH range of 6.05 to 8.5 (Eckenfelder, 2000). The pH range is specifically for 
the operating conditions of the biological system and not the influent wastewater. The 
influent wastewater pH is diluted in the aeration tank and neutralized by the production of 
CO2 from microbial respiration. As long as the buffering capacity of the process is 
maintained, the pH of the aeration tank contents should remain near pH 8, even under 
conditions of fluctuating caustic or acidic loads (Eckenfelder, 2000). 
Solids Retention Time 
SRT controls the microbial mass (biomass) in the reactor to achieve a given degree of 
waste stabilization. SRT is related to the safety factor of the biological system either to 
achieve given effluent standards or to maintain a satisfactory biodegradation rate of 
pollutants. SRT is an important parameter in wastewater treatment because it affects the 
treatment performance, aeration tank volume, sludge production and oxygen requirements 
(Metcalf and Eddy, 2003). For only BOD removal in industrial wastewaters, SRT ranges 
from 3 to 5 days, as referenced in Metcalf and Eddy and shown in Table 2.5. A longer SRT 
is required if BOD removal and nitrification must occur. Nitrification occurs when nitrifying 
bacteria convert ammonia to nitrate. Nitrification is a slow process due to the slow growth 
kinetics of nitrifying bacteria and therefore requires a long SRT over 5 days. When only 
BOD removal is required, a short SRT of 3 days removes BOD while limiting nitrification 
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and lowering a system oxygen demand. The SRT can be calculated using equations 2.2 and 
2.3. It is common for WWTP to waste sludge to achieve a desired SRT value, as shown in 
equation 2.2. No sludge was wasted in this study and therefore equation 2.3 was used to 
compute the SRT. 
SRT =  VX  (sludge wasting) 
QwXH +Q~X~ 
SRT = ~ e~ L (no sludge wasting) 
Equation 2.2. 
Equation 2.3. 
Table 2.5. Typical minimum SRT ranges for activated sludge treatment (Grady et al., 1999) 
Treatment Goal SRT range Factors affecting SRT 
Removal of soluble BOD in domestic WW 1-2 days Temperature 
Conversion of particulate organics in 
domestic WW 
2-4 days Temperature 
Develop flocculent biomass for treating 
domestic WW 
1-3 days Temperature 
Develop flocculent biomass for treating 
industrial VVW 
3 -5 days Temperature/compounds 
such as toxic inhibitory 
compounds or alkalinity 
Provide complete nitrification 3 -18 days Temperature/compounds 
Alkalinity 
Alkalinity is a measure of the wastewater buffering capacity or resistance to change 
in pH due to acid additions. An increase in pH will decrease the [H+] concentration and 
therefore decrease the alkalinity value, as shown in equation 2.4 and in Appendix A. 
Alkalinity is primarily a function of carbonate, bicarbonate, hydroxide and hydrogen ion 
concentrations, with units of milliequivalents per liter (Standard Methods, 1995). 
Alk = ~HCO3 ~+ 21CO3- ~+ LOH- ~— LH+~ Equation 2.4. 
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Microbial Acclimation 
Microbial acclimation is vital to successful industrial wastewater treatment. 
Microbes are acclimated to treating municipal wastewater, but may be unable to treat 
industrial wastewater due to the high organic concentrations, toxic compounds, or nutrient 
deficiency in the industrial wastewater. Microbial acclimation is a step in which biomass is 
cultivated to degrade a specific compound present in the wastewater. The wastewater is 
slowly introduced to the microbial population and proper acclimation can take up to six 
weeks (Eckenfelder, 2000). A study was completed where microbial populations were 
monitored over time using two laboratory-scale SBRs. It was found that once the activated 
sludge was adapted to the feed and operating conditions, the microbial communities in the 
two reactors retained great similarity while maintaining a dynamic character (Kaewpipat and 
Grady, 2002). 
CONCLUSION 
The activated sludge process is commonly used to treat municipal and industrial 
wastewaters. The SBR is an activated sludge process with afour-step operation: (1) fill, (2) 
react, (3) settle, and (4) decant. The SBR is advantageous for industrial wastewater treatment 
because it combines the activated sludge process into one tank, therefore requiring a smaller 
footprint. VFAs, e.g. acetic, propionic, butyric, and valeric acids, are a fraction of the total 
COD in a wastewater. Filamentous bacterial growth can be caused by low DO, low F/M 
ratio, nutrient deficiencies, and high concentrations of short chain fatty acids such as VFAs 
entering a WWTP. Industrial wastewaters can affect the municipal WWTP rate kinetics due 
to the higher amount of soluble BOD entering the WWTP. It is not uncommon for industrial 
wastewaters to be lacking in nutrients and therefore nutrients can be added to the wastewater 
for successful biological treatment. Toxicity in biological systems may have several causes 
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such as inorganic salts, which exhibit retardation of biological systems at high 
concentrations. The optimum pH range for biological wastewater treatment is 6.05-8.5. The 
minimum SRT required for BOD removal from industrial wastewaters is 3-5 days. 
Alkalinity is the wastewater buffering capacity and is affected by changes in pH. Finally, 
microbial acclimation is accomplished by gradually exposing a microbial population to a 
wastewater and is vital for successful biological wastewater treatment. 
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CHAPTER 3. BIOLOGICAL PRETREATMENT OF INDUSTRIAL 
WASTEWATERS FOR VOLATILE FATTY ACID REMOVAL 
ABSTRACT 
The Sioux City wastewater treatment plant (WWTP) is experiencing filamentous 
bacterial growth in their secondary clarifiers. The filamentous bacteria keep solids in 
suspension and therefore cause high solids concentrations in the WWTP effluent. Iowa State 
University (ISU) was contracted to conduct athree-phase study to investigate the WWTP 
operational problems. This report details Phases II and III of the preliminary investigation. 
In Phase II, four industrial wastewaters were characterized based on VFA, SCOD, BOD, TS S 
and V S S concentrations. Wastewater pretreatment recommendations were given to Sioux 
City WWTP and the WWTP decided that aerobic biological pretreatment should be 
conducted for the four selected industries. Phase III involved testing the four industrial 
wastewaters in laboratory-scale bioreactors to remove VFAs from the wastewaters. The four 
industrial wastewaters examined were Feed Energy, Darling, Menu Food and John Morrell. 
Feed Energy produces acid oil that is used as a livestock ingredient, Darling is a rendering 
facility, Menu Food produces pet food and John Morrell is a hog slaughtering facility that 
manufactures pork products. The Phase III results showed that Feed Energy wastewater did 
not successfully remove VFAs with HRTs ranging from 3 hours to 6 days. The Darling 
condensate wastewater achieved VFA removals of 43 to74% with HRTs varying from 12 to 
48 hours and a VFA removal of 95% is possible for an 18-hour HRT with phosphorus 
supplementation achieved a VFA removal of 95%. VFA removals of SS% and 63%were 
produced for the Menu Food wastewater with HRTs of 4.5 and 9-hours. The John Morrell 
blood stick wastewater HRTs of 12 to 24 hours achieved VFA removals of 25 to71 %. 
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INTRODUCTION 
Sioux City municipal WWTP has been experiencing filamentous bulking sludge in 
their secondary clarifiers. Phase I was a paper study by Iowa State University that found 
filamentous bulking sludge could be attributed to high VFA concentrations entering the 
WWTP (Conner, 2004). Sioux City attributes the high VFA concentrations to the anaerobic 
sewer conditions and industrial wastewaters being discharged into the sewers. ISU was 
contracted to complete a Phase II and III study on wastewater characterization and 
laboratory-scale pretreatment of selected industrial wastewaters. Industries were selected 
based on their relative contribution of wastewater to the municipal WWTP, so the industries 
that discharged large amounts of wastewater and/or their lack of pretreatment prior to 
disposal into the sewers were targeted. Four industries were selected for wastewater 
characterization and pretreatment investigation: Feed Energy, Darling, Menu Food and John 
Morrell. Wastewater characterization took place in the Fall of 2004 and a report was 
submitted to the Sioux City WWTP in December 2004 that summarized the industrial 
wastewater compositions and pretreatment recommendations. Sioux City WWTP reviewed 
the report and then recommended only aerobic treatment be tested for Feed Energy, Darling, 
Menu Food and John Morrell. Laboratory-scale wastewater pretreatment occurred from 
Spring of 2005 to Spring of 2006. 
INDUSTRIAL MANUFACTURING PROCESSES 
The following section describes the manufacturing process of each industry selected 
for wastewater pretreatment investigations. The description also includes information on the 
wastewater generation and pretreatment steps prior to disposal into the Sioux City sewers. 
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Feed Energy 
Feed Energy manufactures acid oil, which is used as a livestock feed ingredient. 
Soapstock is the raw material, which is produced from soybean, corn or canola seed crushing 
and oil refining processes. The soapstock is mixture of oil, gums and acetone insoluble 
compounds. Feed Energy heats and treats the soapstock with sulfuric acid to lower the pH 
and settles by gravity in a tank. The acidification process breaks the soapstock into three 
products: acid oil, emulsion and acid water. The acid oil is recovered and used as a livestock 
feed ingredient. The emulsion is further processed through gravity separation to release more 
acid oil, emulsion and acid water. The acid water produced during the manufacturing 
process has a low pH and caustic is added to raise the pH before discharging the wastewater 
to the sewer. 
Darling 
Darling is an animal rendering facility. In Sioux City, the rendering process involves 
dewatering the rendered products and separating the water, oil and solids. The water and 
rendered products are processed in a steam jacketed cooker by applying steam heat to 280°F. 
The steam generated from the cooker passes through an air cooled condenser where the 
steam is cooled to a form a liquid condensate. After the cooking process, the oil and solids 
are separated, sent to storage and then shipped to customers. Process wastewater is collected 
and pumped through a screen to remove large solids. The wastewater then flows through a 
catch basin to recover fat and small solids. The final step in pretreatment of the wastewater 
is to add alum and polymers and then treat the wastewater in a dissolved air flotation tank 
(DAF). The DAF effluent and liquid condensate from the cooker are combined and 
discharged into the sewer. 
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Menu Food 
Menu Food manufactures pet food. The pet food manufacturing facility in Sioux City 
involves a batch process where meat, vitamin/mineral premix, rice or starch components and 
water are combined. The mixture is pre-heated to 100°F and pumped to a filler. From the 
filler, the cans are sealed and loaded into baskets and retorted. The wastewater is generated 
from the mixing and filling areas and contains wash water from the frozen meat grinding and 
line flushes between the mixers and fillers. 
John Morrell 
John Morrell is a hog slaughtering facility that produces pork products. The pork 
production starts by killing the hogs, draining the blood and hydrolyzing the hog hair in a 
tank of hot sodium hydroxide. The hogs are then cut open, their organs are harvested and 
they go through a series of hot and cold rooms to sterilize the meat. After the meat is sterile, 
it goes to the production line in which the meat is divided into choice cuts of pork. The pork 
then goes to packaging and is sent out for distribution. Wastewater is generated from various 
plant operations, including blood stick water from draining the hog's blood, hair hydrolyzer 
water and wash water streams. All the wastewater streams are combined and treated in a 
DAF and secondary clarifier prior to disposal into the sewer. 
PHASE II- INDUSTRIAL WASTEWATER CHARACTERIZATION 
Phase II of the Sioux City project was conducted in the Fall of 2004, four industrial 
wastewaters were tested to determine the wastewater compositions. The following section 
details the methods used to characterize the wastewaters, results and industrial wastewater 
pretreatment recommendations to the Sioux City WWTP. 
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Research Methodology 
Industrial wastewaters were collected and shipped from Sioux City to Ames. The 
grab wastewater samples were collected by the Sioux City WWTP operators. The 
wastewater samples were kept in cold storage upon arrival at ISU. Due to the readily 
biodegradable nature of the wastewater, with respect to time, the biological oxygen demand 
(BOD), chemical oxygen demand (COD) and VFAs were analyzed within the first 24 hours 
of arrival. The volatile suspended solids (VSS), specific oxygen uptake rate (SOUR) and 
specific methanogenic activity (SMA) were determined within three days of arrival. A total 
of four grab samples were analyzed in the Fall of 2004. 
The following standard methods were used for calculating the wastewater parameters 
(Standard Methods, 1995) and the equations are located in Appendix A: 
■ 5560 C. Organic and Volatile Acids Distillation Method 
■ 5520 C. Chemical Oxygen Demand Closed Reflux, Titrimetric Method 
■ 2540 B. Total Suspended Solids Dried at 103-105°C 
■ 2540 E. Fixed and Volatile Solids Ignited at 550°C 
■ 2710 B. Oxygen-Consumption Rate with YSI mode158 dissolved oxygen 
meter and YSI 5905 BOD probe 
■ 5210 B. Biochemical Oxygen Demand 5-Day BOD Test with YSI model 
58 dissolved oxygen meter and YSI 5905 BOD probe 
■ Specific Methanogenic Activity (SMA) from (Lay et al., 1998) 
The oxygen-consumption rate per unit of biomass was measured and expressed as the 
specific oxygen uptake rate (SOUR), which determines the biological activity of a biological 
sludge such as activated sludge (Standard Methods, 1995). The sOUR method tested how 
well Boone biomass would consume dissolved oxygen (DO) in the four industrial 
wastewaters. Industrial wastewaters were filtered with a 0.45-micron glass filter paper to 
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remove VSS and then saturated with oxygen. Boone W~V biomass was added to a BOD 
bottle and once the industrial wastewaters were saturated, the wastewaters filled the B OD 
bottle that contained the Boone biomass. ADO probe was inserted into the BOD bottle and 
the drop in DO level was recorded over a 15-minute period or until the DO level reached 
below 1 mg/L. 
Results 
The four industrial wastewaters tested were grab samples from the industry's 
wastewater discharge point, just before entering the sewer. The one industry exception is 
Darling. Darling's wastewater effluent is a mixture of treated process wastewater and 
condensate wastewater. The condensate wastewater has the highest VFA concentration and 
therefore the condensate was analyzed for treatability. Table 3.1 provides the average 
wastewater concentrations for the four industries. Feed Energy wastewater was found to 
have the highest concentrations of COD, VSS, BOD and VFA. Darling condensate also has 
a very high COD and VFA concentration. 
Table 3.1. Wastewater characterization for selected industrial wastewaters from Sioux City 
Wastewater Parameters Menu Food John Morrell 
Darling 
Condensate Feed Energy 
TCOD (mg/L) 2,360 ~ 140 1,440 ~ 340 6,065 ~ 2,810 70,620 ~ 9,590 
SCOD (mg/L) 430 ~ 220 440 ~ 170 5,180 ~ 2,930 65,740 ~ 11,770 
TS S (mg/L) 1,740 ~ 460 5 60 ~ 15 5 81 ~ 3 13,600 ~ 2,3 3 5 
VSS (mg/L) 1,030 ~ 15 500 ~ 150 80 ~ 2 5,320 ~ 975 
BOD (mg/L) 1,190 ~ 665 1,180 ~ 345 5,520 ~ 3,105 5 8,780 ~ 14,220 
VFA (mg/L as HAc) 240 ~ 95 310 ~ 115 3,790 ~ 1,220 1,990 ~ 825 
sOUR (mg DO/g-VSS-h) 44 62 3 5 79 
SMA 
(g-CH4-COD/g-VSS-day) 0.03 6 0.05 0 0.067 1.5 70 
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Average Loading Rates 
It is important to account for wastewater loading rates from each industry. The 
loading rates were calculated based on an average daily wastewater flowrate. Average daily 
loading rates per industry can be found in Table 3.2. John Morrell has the highest 
wastewater flowrate and consequently has the highest VFA loading rate. Darling condensate 
has the second highest VFA loading rate. It should be noted that although Feed Energy is an 
extremely concentrated wastewater, it has a low wastewater flowrate and therefore has the 
smallest VFA loading rate of the four industries tested. 
Table 3.2. Selected industrial wastewater average daily loading rates into Sioux City sewers 
Industrial 
Wastewaters 
Daily Flowrate 
(gaud) 
BOD 
(kg/d) 
VSS 
(kg/d) 
355 
VFA 
(kg/d) 
85 Menu Food 91,000 410 
John Morrell 1,650,000 7,370 3,125 1,930 
Darling Condensate 52,000 1,085 15 745 
Feed Energy 6,000 1,335 120 45 
Wastewater Pretreatment Recommendations 
VFAs can be removed by both aerobic and anaerobic treatment methods. The TCOD 
range, SOUR and SMA are the major factors to consider when determining the wastewater 
treatment option. Aerobic treatment is chosen for wastewaters with a total chemical oxygen 
demand (TCOD) range of 50-4,000 mg/L and anaerobic treatment is chosen for a TCOD 
range of 4,000 mg/L or higher (Metcalf and Eddy, 2003). Specific oxygen uptake rate 
(SOUR) normally ranges from 40-150 mg DO/g-VSS-h, with higher sOUR values showing 
better aerobic treatability (Henze et al., 2001). Specific methanogenic activity (SMA) values 
above 0.5 g-CH4-COD/g-VSS-day show the wastewater would be suited for anaerobic 
wastewater treatment, with higher SMA values exhibiting better anaerobic treatability (Lay et 
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al., 1998). The following recommendations are based on the results found in Tables 3.1 and 
3.2. 
Feed Energy 
Feed Energy has a TCOD 70,620 mg/L, a sOUR of 79 mg DO/g-VSS-h and the SMA 
is 1.57 g-CH4-COD/g-VSS-day. The high TCOD suggests anaerobic treatment, but the high 
values of sOUR and SMA show good aerobic and anaerobic treatability. It should be noted 
that although Feed Energy has a concentrated wastewater, it has the smallest VFA loading 
rate into the sewers. Three treatment options were recommended with Feed Energy 
wastewater. First, anaerobic treatment is suggested because of high TCOD and good SMA 
results. Noteworthy is that due to the use of sulfuric acid in the manufacturing process, 
anaerobic treatment is likely to produce hydrogen sulfide gas. The production of hydrogen 
sulfide can be controlled with new technologies, but does incur additional treatment cost. 
The second recommendation is aerobic treatment because of the good sOUR results and the 
small wastewater flowrate will not have a large total oxygen requirement. Also, the aerobic 
biosolids could serve as a good animal feed supplement with high protein concentrations. A 
third treatment option would be fermentation using lactic acid bacteria to produce nisin, 
which is a natural food preservative that can be used to control bacterial growth. Nisin is 
approved by the U. S Federal Drug Administration (FDA) and is considered a very valuable 
product. 
Darling Condensate 
Darling condensate has a TCOD of 6,065 mg/L, a sOUR of 3 5 mg DO/g-VSS-h and 
the SMA is 0.067 g-CH4-COD/g-VSS-day. Despite the low SMA value, the high TCOD 
requires anaerobic treatment. It should be noted that anaerobic treatment would require a pH 
regulator and chemical additions to keep the pH at 7. Anaerobic treatment will also require 
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off-gas treatment, including a flare to burn methane produced in the treatment unit. The gas 
could also be used in heating, but quantities might be too small for economical use. 
Menu Food 
Menu Food has a TCOD of 2,360 mg/L, which is in the upper aerobic TCOD 
treatability range. Menu Food wastewater has a sOUR of 44 mg DO/g-V S S-h, which shows 
that aerobic treatment is applicable, but the sOUR value is low and therefore may not be 
readily degraded aerobically. The SMA test did not show significant anaerobic 
degradability, with an SMA of 0.036 g-CH4-COD/g-VSS-day. Based on the TCOD value, it 
was recommended that aerobic and anaerobic treatment methods be tested, despite the low 
SMA value. 
John Morrell 
John Morrell has the largest wastewater flowrate of 1.65 million gallons per day 
(MGD) and has the highest VFA loading rate to sewer. The VFA concentration in the 
wastewater is relatively small, but due to the large flowrate, John Morrell contributes the 
highest amount of VFAs to the sewer. It is predicted that the wastewater will likely be 
treated aerobically because of the low TCOD of 1,440 mg/L, which is within the aerobic 
treatment range. It is not feasible to pretreat 1.65 MGD without constructing an entire 
wastewater treatment plant. It was recommended that an internal study be conducted in John 
Morrell's plant to find a smaller wastewater stream with a high VFA concentration. If a 
smaller, more concentrated VFA wastewater stream is identified, then a treatability study 
would need to be completed to determine the wastewater pretreatment options. 
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Recommendations from Sioux City WWTP 
The Phase II report was submitted to Siow~ City, Iowa municipal wastewater 
treatment plant in December 2004. The Sioux City WWTP recommended in the Spring of 
2005 that aerobic treatment be tested for all four selected industrial wastewaters. Aerobic 
wastewater treatment is an easy and more attractive pretreatment option for the industries 
compared to anaerobic wastewater treatment. 
PHASE III- INDUSTRIAL WASTEWATER PRETREATMENT 
Phase III tested the four selected industrial wastewaters in laboratory-scale 
bioreactors to remove VFAs from the wastewaters. Aerobic SBR and CSTR were chosen to 
pretreat the wastewaters. The Phase III investigation took place from the Spring of 2005 to 
the Spring of 2006. The following section describes the Phase III laboratory bioreactor 
designs, microbial acclimation process used and aerobic wastewater pretreatment results for 
the four industrial wastewaters tested. 
SBR Bioreactor Design 
A sequencing batch reactor (SBR) operating at room temperature was used to 
aerobically pretreat the industrial wastewaters in order to remove VFAs. The wastewater 
feed tank was kept in a refrigerator at 4°C to minimize biodegradation of the feed 
wastewater. Figure 3.1 shows a schematic of the SBR bioreactor design. Two bioreactors 
were run simultaneously. Every time a bioreactor was started, it was seeded with 500-mL 
acclimated biomass prior to feeding the wastewater. The following section explains the 
three bioreactor configurations used in this study. 
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Microbial Acclimation Bioreactor 
The bioreactor was as 2-L plastic graduated cylinder with a 1.5-L working volume, as 
shown in Figure 3.2. It is a tall column that allows for better oxygen transfer into the 
wastewater. A peristaltic feed pump was used. Tubing was inserted at the 1.5-L volume 
mark in which effluent would flow by gravity from the bioreactor and this eliminated the 
need of an effluent pump. The effluent gravity flow would take place when synthetic 
wastewater was added to the bottom of the bioreactor; the new feed displaced the effluent 
and the effluent flowed by gravity to the effluent bucket. Four coarse air bubble diffusers 
were used to supply oxygen to the bioreactor with two 15-gallon fish tank air pumps 
supplying the air. The air bubbles provided sufficient mixing and an external mixer was not 
needed. A Chrontrol time controller model XT automated the SBR operations of feeding and 
shutting off the air supply to settle the reactor biomass. 
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Figure 3.1. Schematic diagram of laboratory-scale bioreactor set-up 
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Figure 3.2.1Vlicrobial acclimation bioreactor set-up (left). Zoomed in view of bioreactor with 
feed pump, air supply, timer controller and effluent tubing (right). 
I~VC PIl~c 1.~Il®~°~~ct®~° 
The two PVC pipe bioreactors had working volumes of 1.25-I,. The bioreactors were 
constructed with 2-inch diameter PVC pipe and were approximately 25 inches tall, as shown 
in Figures 3.3 and 3.4. Peristaltic feed and effluent pumps were used. Tubing was inserted 
at the 1.25-1L volume mark to serve as overflow control. Tall columns were chosen to allow 
for better oxygen transfer into the wastewaters. Two fine air bubble diffusers were used to 
supply oxygen to the bioreactors. Chrontrol time controllers xT models were programmed 
to automate the bioreactors to feed, settle and decant. ASC® solenoid normally open valves 
were used to shut off the air supply and allow the biomass to settle. A 13-gallon carboy was 
used as the feed tank for both bioreactors and a mixer kept the feed completely mixed. 
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Figure 3.3. PVC pipe bioreactor set-up with two bioreactors and refrigerator with feed tank 
(left). Wastewater feed tank with mixer located ~n the refrigerator (right). 
Figure 3.4. Zoomed in view of bioreactor with feed pump, air supply and effluent pump 
(left). T'op view of the bioreactor with feed, air and effluent tubing (right). 
~~D Il®~l® 2 ~i> Il®~°t~~t~~®IC° 
The ~iofl® 2000 was manufactured by New ~runswich Scientific and the ~ioflow 
2000 fermenter was used in this study. The ~ioflo 2000 bioreactors had a total volume of 2-
L total volume and 1.5 -f, working volume, as shown in Figures 3.4 and 3.5 . For each 
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bioreactor, four coarse air bubble diffusers were used with two 15-gallon fish tank air pumps 
supplying oxygen. The ~ioflo 2000 mixer was set at 200rpm and used to increase oxygen 
transfer and mixing in the bioreactors. ~hrontrol timer controllers xT models were used to 
automate the bioreactor feeding, settling and decanting. 
Figure 3.5. Bioflo 2000 bioreactors and refrigerator that contains feed tank (left). Feed tank 
located in refrigerator (right). 
Figure 3.6. View of one ~ioflo 2000 bioreactor with feed and effluent pumps, mixer and 
timer controller (left). `g'op view of bioreactor with feed, effluent and air tubing (right). 
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Research Methodology 
Composite industrial wastewater samples were delivered to ISU and kept in 4°C cold 
storage throughout this study. COD, TS S and V S S samples were tested in triplicate. The 
following standard methods were used for calculating the wastewater parameters (Standard 
Methods, 1995) and the equations can be found in Appendix A: 
■ 5560 C. Organic and Volatile Acids Distillation Method 
■ 5520 C. Chemical Oxygen Demand Closed Reflux, Titrimetric Method 
■ 2540 B. Total Suspended Solids Dried at 103-105°C 
■ 2540 E. Fixed and Volatile Solids Ignited at S50°C 
■ 2710 D. Sludge Volume Index 
■ 2710 B. Oxygen-Consumption Rate with YSI model 58 dissolved oxygen meter 
and YSI 5905 BOD probe 
■ 4500-H+ B. pH Value Electrometric Method with Fischer Scientific AR10 pH 
meter 
■ 2320 B. Alkalinity Titration Method 
■ 2510 B. Conductivity Laboratory Method with Orion conductivity meter model 
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The oxygen-consumption rate measures the sOUR, which determines the oxygen 
consumption rate of a sample of biological suspension such as activated sludge (Standard 
Methods, 1995). The wastewater feeds were filtered with a 0.45-micron glass filter paper to 
remove VSS and then saturated with oxygen. Reactor biomass was added to a BOD bottle 
and once the feed wastewaters were saturated, the feed filled the BOD bottle that contained 
the reactor biomass. ADO probe was inserted into the BOD bottle and the drop in DO level 
was recorded over a 15-minute period or until the DO level reached below 1 mg/L. 
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The Sludge Volume Index (SVI) is typically used to monitor settling characteristics 
of activated sludge (Standard Methods, 1995). The SVI method involved filling a 1-L 
graduated cylinder with mixed liquor from the reactor and allowed to settle for 30 minutes. 
The volume of settled sludge was recorded after 30 minutes. The volume of settled sludge 
was divided by the mixed liquor suspended solids (MESS) and this value was expressed as 
mL/g MESS. 
Microscopic images were taken of reactor biomass throughout this study using an 
Olympus BH-2 light microscope. The biomass samples were heated fixed to glass slides and 
gram stained. The gram-stain procedure for each biomass slide consisted of the following 
steps (Loynachan, 2005): 
1. Add crystal violet for 1 minute 
2. Wash with deionized (DI) water for 2 seconds 
3. Add gram's iodine for 1 minute 
4. Decolorize the slide with 95%ethanol for 10-30 seconds 
5. Wash with DI water for 2 seconds 
6. Add safranin for 30 seconds 
7. Wash with DI water for 2 seconds 
8. Blot dry the slide 
The gram staining procedure divided the bacteria into two main groups based on cell 
wall composition, with gram-positive organisms staining blue and gram-negative organisms 
staining red (Loynachan, 2005). 
The t-test was used to statistically analyze the VFA and SCOD data for each 
wastewater. The t-test did apair-wise comparison of two HRTs by computing confidence 
intervals, as shown in Appendix C. The confidence intervals calculate and provide a range of 
plausible values for a parameter, instead of providing a single number, such as an average 
VFA concentration (Devore, 2000). The confidence intervals use the average effluent 
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concentrations and variances for the two HRTs being compared, and compute the plausible 
difference between the two average effluent concentrations. If the confidence interval 
crosses is above or below zero, then there is a significant difference between the two HRTs. 
If the confidence interval crosses zero, then it is concluded that there is not a significant 
difference between the HRTs. 
Microbial Acclimation Bioreactor 
Biomass was obtained from the Boone WWTP in Boone, IA which is an extended 
aeration activated sludge wastewater treatment plant. The biomass was taken from the 
aeration basin and thickened sludge tank. The seed sludge samples were obtained from the 
Spring of 2005 to the Spring of 2006. The microbial acclimation bioreactor was designed to 
have an organic loading rate (OLR) of 1.0 kg SCOD/m3-d, which is the recommended 
loading rate for a typical activated sludge process (Metcalf and Eddy, 2003). The bioreactor 
was fed every 6.5 hours, aerated for 6 hours and settled for 30 minutes. A synthetic VFA 
wastewater was prepared to acclimate the Boone biomass to VFAs. 
Table 3.3. Synthetic wastewater with individual VFA concentrations used to acclimate 
Boone WWTP biomass 
Individual VFAs 
of Total 
VFAs 
VFA concentration 
m as HAc ( ~ ) 
Acetic Acid 60% 1,800 
Propionic Acid 15% 450 
Butyric Acid 15% 450 
Valeric Acid 10% 300 
The VFA synthetic wastewater recipe included a mixture of VFAs, tap water and 
nutrients. Nitrogen in the form of NH4HCO3 and phosphorus in the form of KH2PO4 were 
added to obtain a SCOD:N:P of 150:5:1. The synthetic VFA wastewater had a total VFA 
concentration of 3,000 mg/L as acetic acid, which would be an average VFA concentration 
37 
the biomass would be exposed to. The percentage of individual VFAs in the synthetic 
wastewater was based on expected VFA loadings, in which the dominant VFA would be 
acetic acid, followed by propionic and butyric acids and then a small amount of valeric acid, 
as shown in Table 3.3. 
The microbial acclimation bioreactor had a 2.9-day ~-IRT', an average mixed liquor 
volatile suspended solids (Iii1[L,VSS) concentration of 2,900 mg/L and the synthetic VFA 
wastewater feed pI~I ranged from 6.5-7.0. The acclimated biomass achieved a 72% VFA 
removal, as shown in Table 3.4. A s®UR. test was completed on the acclimated biomass 
using 20% diluted 1Vlenu Food wastewater and the biomass had a s®UR. value of 90 mg 
I~®/g-VSS-h, as shown in Table 3.4. s®Ulf values normally range from 40-150 mg I~®/g-
VSS-h, with higher s®RJR values showing better microbial activity (Henze et al., 2001). The 
results show that the acclimated biomass was active and consuming VFAs. 
Table 3.4. iVlicrobial acclimation bioreactor VFA concentrations, VFA removal and s®LTR 
~~ ~~II'~lffiIl~l~~Il`~ ~CC~lill~~~~ ~YOflY1~5~ 
Feed VFA (mg/L as HAc) 3,080 
Effluent V~'A (mg/L as HAc) 855 
VFA ~'' emoval (%) 72 
sOUR (mg ISO/g-VSS-h) 90 
Figure 3.7. Microscopic picture of sludge from microbial acclimation reactor (1000x) 
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A microscopic view of the acclimated biomass is shown in Figure 3.7. The bacteria 
was gram stained, with gram-negative bacteria staining red and gram-positive bacteria 
staining blue (Loynachan, 2005). Pin floc bacteria dominated in the bioreactor. 
Feed Energy 
The Feed Energy wastewater has a SCOD concentration over 60,000 mg/L and 
requires a 50-day HRT for the recommended aerobic OLR of 1.0 kg SCOD/m3-d (Metcalf 
and Eddy, 2003). A 50-day HRT is not practical for biological wastewater pretreatment. 
Feed Energy produces acid oil, which is used as a livestock feed ingredient and therefore 
nutrients such as nitrogen and phosphorus were not added to the wastewater because it 
should contain all the nutrients required for biomass growth. The wastewater had a tendency 
to foam and 5% silicone food grade kosher antifoam was used to control the foaming. Also, 
the wastewater contains very high total dissolved solids (TDS) and sulfate concentrations, as 
shown in Table 3.5. The TDS concentration shows that the wastewater is more saline than 
seawater, which has an average TDS of 3-3.5% (Snoeyink and Jenkins, 1980). The dissolved 
oxygen (DO) level in all the bioreactors ranged from 6-7 mg/L and a DO of 2 mg/L is 
required to achieve effective COD removal in activated sludge processes. The initial 
wastewater pH was 4 to 6. The HRTs tested were 3 and 12-hour, and 1.1, 1.5, 3 and 6-days. 
Table 3.5 . Feed Energy WW TDS, nitrate and sulfate data for feed 
TDS (mg/L) TDS (%) 
Nitrate-N 
(mg/L) 
Sulfate-S 
(mg/L) 
55,808 5.5% 82 14,255 
Bioreactor Configurations 
The 3 and 6-day HRT studies were conducted simultaneously in the two Bioflo 2000 
bioreactors in a SBR mode of operation. The bioreactors were fed every 12.5 hours, aerated 
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for 12 hrs, settled for 3 0 minutes and pumped out the effluent wastewater every 12.5 hours. 
The microbial acclimation bioreactor was not set-up for this experiment, so the Boone 
biomass was acclimated to the high salinity by feeding 10, 25, 50, 75% and then 100% Feed 
Energy wastewater. 
The l .l and 1.5-day HRTs tests were conducted at the same time in the two Bioflo 
2000 bioreactors. The bioreactors were run as a continuous stirred tank reactor (CSTR) 
instead of a SBR because the bioreactor mixed liquor was not settling. The bioreactors were 
fed every hour, continuously aerated, and pumped out effluent wastewater every hour. 
The 3 and 12-hour HRTs studies took place simultaneously in the PVC pipe 
bioreactors. The bioreactors were also run in a CSTR mode of operation due to poor biomass 
settling characteristics. Unique to these bioreactor set-ups, there was not an effluent pump, 
but the effluent wastewater flowed out by gravity like in the microbial acclimation bioreactor 
set-up. The 3 -hour HRT bioreactor was fed every 5 minutes and 5 -mL of 5 % silicone food 
grade kosher antifoam was pumped in every 20 minutes. The 12-hour HRT bioreactor was 
fed every 20 minutes and 5-mL of antifoam was pumped in every hour. 
Results 
The VFA, SCOD, MLV S S and pH results for all six HRTs tested are shown in Table 
3.6. The 3 and 12-hour HRT effluent VFA concentrations were 3,585 and 3,590 mg/L as 
acetic acid (HAc) respectively, which are slightly higher than the feed VFA concentration of 
3,430 mg/L as HAc. The 1.1 and 1.5 day HRT feed VFA concentration was 990 mg/L as 
HAc and the effluent VFA concentrations were 6,440 and 6,015 mg/L as HAc, respectively. 
VFA analysis was not conducted for the 3 and 6-day HRTs because the SCOD data indicated 
organics were not being removed from the wastewater. VFA is a portion of SCOD, so if the 
effluent SCOD concentration is higher than the feed SCOD concentration, then it indicates 
that VFAs are not being removed from the wastewater. The effluent VFA concentrations for 
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all HRTs showed that VFAs were not being removed from the Feed Energy wastewater. The 
higher effluent VFA concentrations could be attributed to VFA formation due to the 
breakdown of larger organic molecules. It can be concluded that VFAs were not successfully 
removed from the Feed Energy wastewater. 
The 3-hour HRT feed SCOD concentration was 66,590 mg/L and the effluent SCOD 
concentration was 69,180 mg/L, which shows that SCOD was not removed from the 
wastewater. The 12-hour HRT achieved a 10% SCOD removal. The 1.1 and 1.5-day HRTs 
removed 6% and 24% of SCOD from the feed wastewater, respectively. The 3-day HRT did 
not remove SCOD and the 6-day HRT achieved a 42% SCOD removal. The OLRs are 
shown in Table 3.6. At all HRTs, the OLRs were above the recommended value of 1.0 kg 
SCOD/m3-d for complete aerobic biological treatment (Metcalf and Eddy, 2003). Appendix 
B contains the TCOD data. It should be noted that although the 12-hour, 1.1-day, 1.5-day 
and 6-day HRTs were able to remove SCOD, the effluent SCOD concentrations continually 
increased during the experiments. The increase in effluent SCOD concentration shows that 
initial SCOD removal could occur, but was not sustainable for more than a few weeks. It can 
be concluded that the Feed Energy wastewater was not successfully removing VFAs or 
SCOD. 
The MLVSS is the reactor biomass concentration available to consume the VFAs and 
SCOD in the wastewater. An average MLVSS concentration in activated sludge WWTPs is 
2,000-3,000 mg/L (Metcalf and Eddy, 2003). The MLVSS concentrations for all HRTs were 
above minimum activated sludge biomass concentration of 2,000 mg/L. The feed, effluent 
and bioreactor TS S and V S S concentrations are given in Appendix B . The 3 and 6-day 
HRTs showed that the reactor biomass was not settling well and therefore the 3 -hour, 12-
hour, 1.1 and 1.5-day HRTs were run in a CSTR mode in which the HRT will equal the SRT 
and therefore the MLVSS equals the effluent V S S concentration. 
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An optimum pH range of 6.05-8.5 is needed for biological systems (Eckenfelder, 
2000). The feed pH for the 3 and 6-day HRT was 4.6, which is too low for a biological 
system. The feed pH was increased to 6.8-7.2 for the 3 and 12-hour and l .l and 1.5-day 
HRTs. In general, when VFAs are removed from a wastewater, the reactor pH will increase 
above the feed pH. The reactor and effluent pH did not increase above the feed pH for all 
HRTs tested, which also indicate that VFAs were not removed from the Feed Energy 
wastewater. 
Table 3.6. VFA, SCOD, MLVSS and pH of Feed Energy WW at varying HRTs 
WW Parameters 
3-hour 
HRT 
12-hour 
HRT 
1.1-day 
HRT 
1.5-day 
HRT 
3-day 
HRT 
6-day 
HRT 
Feed VFA (mg/L HAc) 3,430 3,430 990 990 N/D N/D 
Effluent VFA (mg/L HAc) 3,585 3,590 6,440 6,015 N/D N/D 
Feed SCOD (mg/L) 66,590 66,590 51,320 51,320 48,835 48,835 
Effluent SCOD (mg/L) 69,180 60,255 48,050 39,170 53,685 28,565 
MLVSS (mg/L) 27,810 12,960 11,050 9,160 8,320 9,410 
Feed pH 6.8 6.8 7.2 7.2 4.6 4.6 
Reactor pH N/D N/D N/D N/D 4.3 4.5 
Effluent pH 6.4 6.5 6.9 6.5 N/D N/D 
OLR (kg SCOD/m3-d) 532 133 45.8 34 _ 16 8 
Note: N/D means not determined 
Summary of HRT Results for Feed Energy WW 
Overall, all of the HRTs tested did not successfully remove VFAs from the 
wastewater. The high TDS concentrations in the wastewater may have had toxic effects on 
the reactor biomass (Eckenfelder, 2000) and therefore explains the poor VFA and SCOD 
removal. Aerobic pretreatment is not recommended for the Feed Energy wastewater. 
However, other treatment options can be explored such as a making deicer using the high 
TDS concentration in the wastewater or using a membrane process such as reverse osmosis 
to reduce the TDS concentration and then pretreat the wastewater biologically. 
42 
Darling Condensate 
The Darling condensate wastewater has a SCOD concentration of over 7,000 mg/L 
and would require a 5-day HRT for complete aerobic treatment, which is too long and 
therefore impractical for wastewater pretreatment. Nutrients were added to the condensate 
wastewater because it was probable that the condensate was lacking in nitrogen, phosphorus 
and micronutrients. The average bioreactor DO level was 7-8 mg/L. The initial pH of the 
condensate wastewater varied from 7.6-10. The HRTs tested were 12, 18, 36 and 48-hours 
and further testing was conducted at a HRT of 18-hours by varying the feed pH and adding 
trace elements to the wastewater. 
Nitrogen and phosphorus supplements were added to the condensate wastewater for 
the 12, 18, 36 and 48-hour HRTs and 18-hour HRT at feed pH 6 and 5. After the four HRTs 
and additional testing at a HRT of 18-hours were carried out, a total Kjeldahl nitrogen (TK:N) 
analysis was conducted and it was discovered that the wastewater had a TKN concentration 
of 1,095 mg-N/L. TK:N is the sum of organic nitrogen and ammonia nitrogen available in a 
wastewater. The TKN analysis showed that the condensate had a SCOD:TK~ ratio of 
150:19 and this suggests that the condensate did not require nitrogen supplementation. The 
12, 18, 36 and 48-hour HRT and 18-hour HRT at feed pH of 6 and 5 nitrogen and 
phosphorus supplements yielded SCOD:TK:N:P ratios of 150:21:1. 
Bioreactor Configurations 
The 12 and 48-hour HRTs were conducted simultaneously in the PVC pipe 
bioreactors. The bioreactors were fed every 6 hours, aerated for 5.5 hours and settled for 30 
minutes. The 48-hour HRT feeding cycle was changed halfway through the experiment to 
feed every 3 hours instead of 6 hours to try to reduce the bioreactor pH. The 48-hour HRT 
then aerated for 2.5 hours and settled for 3 0 minutes. 
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The 18 and 36-hour HRTs were tested at the same time in the PVC pipe bioreactors. 
The bioreactors were fed every 3 hours, aerated for 2.5 hours and settled for 30 minutes. 
Further testing on the 18-hour HRT was completed to compare the VFA removal with 
a feed pH 6 versus 5. The 18-hour HRT at feed pH 6 and 5 were conducted simultaneously 
in the PVC pipe bioreactors. The bioreactors were fed every hour, aerated for 55 minutes 
and settled for 5 minutes prior to feeding the bioreactor. A 3 0-minute settling period 
occurred every 3 hours. 
Additional testing on the 18-hour HRT was also conducted to determine if the 
addition of micronutrients to the condensate wastewater would improve VFA removal. The 
TKN analysis showed that wastewater was not nitrogen deficient, so an 18-hour HRT 
bioreactor received only a phosphorus supplement to the wastewater to test the bioreactor 
performance. After the bioreactor had reached steady state, phosphorus and micronutrient 
supplements were added to the wastewater. The 18-hour HRT-Micronutrient was conducted 
in a PVC pipe bioreactor. The bioreactor was fed every 1.5 hours, aerated for 1.25 hours, 
settled for 1 S minutes and pumped out effluent every 1. S hours. 
Unique to the 12, 18, 36, 48-hour HRTs and 18-hour HRTs at feed pH 6 and 5 was 
that the bioreactor set-up did not have an effluent pump. Tubing was inserted at the 1.25-L 
volume mark in which effluent would flow by gravity from the bioreactor, similar to the 
microbal acclimation bioreactor set-up. The flow of the effluent by gravity flow would take 
place when the feed was added to the bottom of the bioreactor; the new feed displaced the 
effluent and allowed the effluent to flow by gravity to the effluent bucket. 
Results 
The feed and effluent VFA concentrations for the 12, 18, 36 and 48-hour HRTs are 
shown in Figure 3.8. The 12-hour HRT achieved an effluent VFA concentration of 2,990 
mg/L as HAc and VFA removal of 43%. The 18-hour HRT achieved a VFA removal of 52% 
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and effluent vFA concentration of 2,280 mg/L as HAc. The 36 and 48-hour HRTs produced 
effluent vFA concentrations of 3,025 and 1,290 mg/L as HAc, respectively, and vFA 
removals of 34% and 74%. It should be noted that the 36-hour I-~[I~T did not achieve good 
vFA removal compared to the 18-hour HRT. The higher effluent vFA concentration for the 
3 6-hour IH[IE~T may be due to the lower reactor biomass concentration compared to the 12, 18 
and 48-hour HRTs. ®verall, the vFA results showed that the Darling condensate wastewater 
could be aerobically pretreated to remove vFAs. The 48-hour HRT achieved the highest 
v-FA removal, but the 18-hour HRT removed over 50% of vFAs. The 18-hour HRT is more 
desirable because a shorter HRT would reduce the cost of pretreating the wastewater. 
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Figure 3.8. vFA concentrations in Darling Condensate ww at varying HRTs 
A gas chromatography (GC) analysis was conducted for the feed and effluent 
condensate wastewater to determine the individual VFA concentrations. Table 3.7 gives the 
individual V~'A removals for the 12, 18, 36 and 48-hour HRTs. T'he feed and effluent VFA 
concentrations for all HRT's can be found in Appendix ~. The CiC analysis was conducted at 
Analytical Services Laboratory in Ames, Iowa. The highest VFA removal was achieved by 
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the 48-hour HRT, which was able to remove 78% or more of each individual VFA and 
achieved a total VFA removal of 89%. The 12, 18 and 36-hour HRTs achieved total VFA 
removals of 49%, 54% and 44%, respectively. The individual VFA data supports the 
conclusion that the poor VFA removal for the 36-hour HRT is attributed to the low reactor 
biomass concentration. It should be noted that the shorter chain VFAs, such as acetic acid, 
are more readily amendable to biological treatment than butyric and valeric acids (Maier et 
al., 2000). The individual VFA concentrations should sum to the total VFA concentration 
obtained by the distillation method, but there is a discrepancy between the two values that 
has yet to be determined. 
Table 3.7. Individual VFA removal in Darling Condensate WW at varying HRTs 
Individual VFAs 
12-hour HRT 
Removal (%) 
18-hour HRT 
Removal (%) 
36-hour HRT 
Removal (%) 
48-hour HRT 
Removal (%) 
Acetic acid 87 58 46 79 
Propionic acid 32 56 51 91 
iso-butyric acid 27 36 0 90 
n-butyric acid 58 57 44 93 
2-methyl butyric acid 32 39 3 87 
3-methyl butyric acid 29 61 55 92 
n-valeric acid 39 44 33 93 
Total VFA Removal 49 54 44 89 
The feed and effluent SCOD data is found in Figure 3.9. The 12-hour HRT produced 
an average SCOD effluent of 4,700 mg/L and a SCOD removal of 39%. The 18 and 36-hour 
HRTs removed 51%and 46% of SCOD respectively and the average SCOD effluent 
concentrations were 3,935 and 4,350 mg/L. The highest SCOD removal of 81%was 
achieved at the 48-hour HRT, which produced an average effluent SCOD concentration of 
1,515 mg/L. The feed and effluent TCOD data can be found in Appendix B. The OLR data 
is shown in Table 3.8. The SCOD data shows that the 48-hour HRT achieved the highest 
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SC®D removal, but the 1 ~-hour HILT removed over 50% of SC®D in the condensate 
wastewater. 
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Figure 3.9. Darling Condensate ww SC®D concentrations at varying FII~Ts 
Statistical analysis was conducted for the vFA and SC®D data using the t -test to 
obtain confidence intervals, as shown in Appendix C. The t-test showed that there was no 
significant difference in average effluent vFA concentrations for the 12, 1 ~, and 48-hour 
I-II~Ts, which could be attributed to the high standard deviations for the three I-n~Ts. There 
was a significant difference in effluent vFA concentrations between the 3 6-hour ~ IRT and 
4~-hour ~I~Ts. The effluent SC®D data also showed a significant difference between the 1 ~ 
and 48-hour I-II~Ts. It can be concluded that the 1 ~-hour I-II~T effluent vFA concentration 
was not significantly different than the 48-hour HILT, but the 18-hour HILT effluent SC®D 
concentration is significantly higher than the 4~-hour HILT effluent SC®D. The complete set 
of statistical analysis and confidence intervals for the vFA and SCUD data can be found in 
Appendix C. 
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The bioreactor performance data for the 12, 18, 36 and 48-hour HRTs axe given in 
Table 3.8. The MLV S S concentrations for all HRT conditions are much higher than the 
activated sludge process. The 3 6-hour HRT had the lowest MLV S S concentration of 2,3 00 
mg/L and may attribute to the poor VFA and SCOD removal. The minimum SRT required 
for COD removal in industrial wastewaters is 3-5 days (Grady et a.l., 1999) and all of the 
HRTs in this study were above the minimum SRT. 
The sOUR test measures the reactor biomass activity by monitoring the DO level 
over time. The sOUR method used for the condensate wastewater experiments was not 
correct because the feed VSS was not filtered out. When the feed VSS is not filtered out, the 
DO consumption rate is higher due to the feed VSS and reactor biomass consuming the 
dissolved oxygen. Consequently, higher sOUR values are produced. It should be noted that 
the highest feed VSS concentration was 13 0 mg/L, which is at most 5 % of the total V S S 
concentration used in the sOUR test. The sOUR values presented in Table 3.8 are therefore 
approximate values of the reactor biomass activity. sOUR values normally range from 40-
150 mg DO/g-VSS-h, with higher sOUR values showing more active biomass (Henze et al., 
2001). Active biomass will more readily consume VFAs and SCOD in the wastewater. The 
approximate sOUR values for the four HRTs tested were very low, with the highest sOUR 
value being 44 mg DO/g-VSS-h for the 12-hour HRT. It can be concluded that the reactor 
biomass for all HRTs was not very active. 
The feed pH was 6.5 for the 12 and 48-hour HRTs and 5.9 for the 18 and 36-hour 
HRT. Table 3.8 provides the feed and reactor pH data. The reactor pH increased above 8 for 
all HRTs tested, which indicates that VFAs axe being removed from the wastewater. A 
higher reactor pH is attributed to larger amounts of VFAs being removed from the 
wastewater. The 48-hour HRT reactor feeding cycle was changed halfway through the 
experiment to see if feeding the reactor every 3 hours instead of 6 hours would reduce the 
reactor pH. The increased feeding cycle was not effective in lowering the reactor pH. The 
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optimal pH range for biological systems is 6.05-8.5 (Eckenfelder, 2000} and for each HRT 
condition, the effluent pH was in the upper range. 
Alkalinity is a measurement of the wastewater's buffering capacity against pH change 
due to acid additions. Alkalinity was measured to see if the increase in reactor pH would 
affect the effluent wastewater alkalinity. Table 3.8 provides the feed and effluent alkalinity 
data. The effluent alkalinity at the 12 and 48-hour HRTs was lower than the feed alkalinity 
and therefore it was not affected by the increase in reactor pH. The effluent alkalinity at the 
18-hour HRT was slightly higher than the feed alkalinity and it could be attributed to the 
Increase In reactor pH. 
Table 3.8. Darling Condensate ~1VW bioreactor operating conditions at varying HRTs 
WW Parameters 
12-hour 
HRT 
18-hour 
HRT 
36-hour 
HRT 
48-hour 
HRT 
MLVSS (mg/L) 7,010 4,420 2,300 2,710 
SRT (d) 9.1 6.9 4.5 3.2 
SOUR (mg DO/g-VSS-h) 44 24 35 33 
Feed pH 6.5 5.9 5.9 6.5 
Reactor pH 8.1 8.5 8.3 8.5 
Feed Alkalinity 
(mg/L as CaCO3) 
2,070 2,100 N/D 2,090 
Effluent Alkalinity 
(mg/L as CaCO3) 
2,020 2,190 N/D 1,430 
SVI (mL/g) 83 N/D N/D 76 
OLR (kg SCOD/m3-d) 15 11 5 4 
Note : N/D means not determined 
The sludge volume index (SVI) of the MLSS was determined to see if the reactor 
biomass was settling well during the 12 and 48-hour HRT studies. An SVI value below 100 
mL/g shows that the reactor biomass has good settling properties (Metcalf and Eddy, 2003). 
The SVI values at the 12 and 48-hour HRTs were 83 and 76 mL/g, respectively, as shown in 
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Table 3.8. Based on the SVI data, it was concluded that the reactor biomass was settling 
well. 
The 18-hour HRT achieved a 52% VFA removal, which is acceptable for wastewater 
pretreatment and an 18-hour HRT is practical for industrial wastewater pretreatment. Further 
testing of the 18-hour HRT was conducted to see if reducing the feed pH from 6 to 5 would 
decrease the reactor pH and therefore improve the VFA and SCOD removals. Two 
bioreactors were run at the 18-hour HRT, one bioreactor had a feed pH 6 and the second 
bioreactor had a feed pH 5. 
An 18-hour HRT bioreactor was also run to compare the bioreactor performance with 
adding phosphorus (P) versus adding P and micronutrients to the wastewater. It is plausible 
that the condensate wastewater is lacking micronutrients vital to bacterial growth. An 18-
hour HRT bioreactor was run with only P supplement to determine bioreactor performance 
and then P and micronutrients were added to the feed. 8-mL of micronutrients was added to 
every 1-L of condensate wastewater. The micronutrient recipe (Chen et al., 2003) consisted 
of the following: FeCl2.4H2O (35.6 g/L), ZnC12 (2.08 g/L), NiCl2.4H2O (4.05 g/L), 
CoCl2.6H2O (4.04 g/L) and MnCl2.4H2O (3.61 g/L). Phosphorus was added to the 
wastewater first and then the micronutrient supplement was added. When the micronutrient 
supplement was added, the wastewater changed from a white to a black color. It was evident 
that the micronutrients reacted with the condensate wastewater and formed a black 
precipitate. 
The feed and effluent VFA concentrations for the 18-hour HRT feed variations are 
shown in Figure 3.10. The feed pH of 6 and S produced average effluent VFA 
concentrations of 785 and 900 mg/L as HAc with VFA removals efficiencies of 83%and 
81 %, respectively. The addition of P, and P and micronutrients achieved VFA removal 
efficiencies of 95 and 11 %respectively with respective average effluent VFA concentrations 
of 130 and 2,325 mg/L as HAc. The VFA data indicates that the lower feed pH does not 
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increase the vF1~ removal and therefore a feed pI~ of 6 should be used in the pilot-scale 
testing. The vF.A data also shows that the addition of P is the best option for pretreating the 
condensate wastewater. The P and micronutrient supplementation showed a significantly 
low vFA removal. The bioreactor supplemented with P and micronutrients resulted in the 
formation of a black precipitate, which appeared to be detrimental to the reactor biomass. It 
should be noted that the feed v1EA~ and S~®D concentrations were much lower for the P, and 
F and micronutrient supplement testing. It is realistic to expect a reduction in the 95% vFA 
removal with a more concentrated condensate wastewater stream. 
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Figure 3.10. DarlingCondensate vFA concentrations at an 18-hour I-I~T under different feed 
conditions 
1~ GC analysis was completed on the feed and effluent wastewater to determine the 
individual vFl~ concentrations for the 18-hour HRT` at feed pI-I of 6 and 5, as shown in Table 
3.9. The feed and effluent vF'A concentrations can be found in Appendix ~. The higher 
total VFA removal of 91 %was achieved when the feed pI~ was 6 versus the 87% total vFA 
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removal when the feed pH was 5. The individual VFA data also supports the conclusion that 
it is better to have the condensate wastewater feed pH at 6. 
Statistical analysis was conducted for the VFA data using the t-test to obtain 
confidence intervals, as shown in Appendix C. There was no significant difference in 
effluent VFA concentrations for the 18-hour HRT with a feed pH of 6 and 5. The t-test also 
showed there was a significant difference in effluent VFA concentrations for the 18-hour 
HRT with P supplement and P with micronutrient supplementation. The complete set of 
statistical analysis and confidence intervals for VFA and SCOD data can be found in 
Appendix C . 
Table 3.9. Darling Condensate WW individual VFA removal at an 18-hour HRT with feed 
Hs of 6 and 5 
Individual VFAs 
Feed pH of 6 
Removal (%) 
Feed pH of 5 
Removal (%) 
Acetic acid 94 92 
Propionic acid 89 86 
iso-butyric acid 76 76 
n-butyric acid 94 90 
2-methyl butyric acid 83 80 
3-methyl butyric acid 83 85 
n-valeric acid 91 80 
Total VFA Removal 91 87 
The feed and effluent SCOD data for the 18-hour HRT feed variations is presented in 
Figure 3.11. The 18-hour HRT with a feed pHs of 6 and 5 achieved average effluent SCOD 
concentrations of 1,3 85 and 1,320 mg/L and SCOD removals of 84% and 85%respectively. 
The addition of P versus P and micronutrients yielded SCOD removals of 93%and 29% with 
average SCOD effluent concentrations of 250 and 2,600 mg/L, respectively. The feed and 
effluent TCOD data are given in Appendix B. Also, the P, and P with micronutrient addition 
showed that only adding P to the feed significantly increased the SCOD removal. The black 
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precipitate formed when the micronutrients were added to the condensate wastewater 
contributed to significant decreases in both the VFA and SCOD removals. 
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Figure 3.11. Darling Condensate ww SC®D concentrations at an 1 ~-hour ~-IRT with feed 
variations 
The MLv S S concentrations are presented in Table 3.10. The MLV S S concentrations 
at all ~]EZTs were well above the minimum activated sludge requirement of 2,000 mg/L 
(Metcalf and Eddy, 2003). It is interesting to note the decrease in MLVSS concentration 
when the P and micronutrients were added to the wastewater. The same reactor biomass was 
used to test the P addition and P and micronutrient addition. The decrease in MLVS S 
concentration when micronutrients were added to the wastewater indicated that the black 
precipitate did not contribute to an increase in reactor biomass growth. The complete set of 
feed, effluent and reactor TSS and vSS concentrations are presented in Appendix ~. 
The SRT values are presented in Table 3.10. The feed pI-~ of 6 and 5 had extremely 
low SRT values of 2.3 and 3 . ~ days, respectively. The low SRT was attributed to loss of 
solids in the effluent due to only 5 minutes of settling prior to feeding the bioreactors. It 
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would be recommended that a longer settling time be used in pilot studies to increase the 
SRT. The SRT values for the P and P with micronutrient additions are well above the 
minimum SRT requirement. 
The sOUR measures the reactor biomass activity by monitoring the decrease in DO 
level over time. The sOUR method used for the feed at pH of 6 and S are not correct because 
the feed V S S was not filtered out. It should be noted that the highest feed V S S concentration 
was 20 mg/L, which is 0.4% of the total V S S concentration used in the sOUR test. The 
sOUR values presented in Table 3.10 are therefore approximate values for the feed pH 6 and 
5 . The approximate sOUR values of 49 and 46 mg DO/g-V S S-h respectively for the feed 
pHs of 6 and 5 indicate the reactor biomass were active. The correct sOUR method was used 
for the P and P with micronutrient additions. The sOUR of biomass with P supplementation 
was 112 mg DO/g-V S S-h, which indicates the reactor biomass was very active. The sOUR 
decreased to 21 mg DO/g-V S S-h when the micronutrients were added to the wastewater feed. 
The low sOUR value indicated that the micronutrient supplement was detrimental to the 
reactor iomass. 
The feed and reactor pH data are given in Table 3.10. A feed pH of 6 was used for 
the P and P with micronutrient additions. The reactor pH increased for all the feed 
variations, indicating that VFAs were being removed during treatment. It is interesting to 
note the difference in reactor pH for the P addition and P with micronutrient addition. The 
same reactor biomass was used and the reactor with P addition alone had a pH of 8.2, but it 
decreased to 6.9 when the micronutrients were added to the condensate wastewater. The 
decrease in reactor pH was attributed to the decrease in VFA removal. 
Alkalinity was monitored to see if the increase in reactor pH would increase the 
effluent alkalinity. Table 3.10 contains the feed and effluent alkalinity data. The effluent 
alkalinity was higher than the feed alkalinity when the feed pH was 6 and P was 
supplemented, which could be attributed to the increase in reactor pH. The feed pH of 5 and 
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I' with micronutrient supplemented effluent alkalinity did not increase and therefore it can be 
concluded that the increase in reactor pH did not affect the effluent alkalinity. 
Table 3.10. marling Condensate ww bioreactor operating conditions at an 18-hour I-~T with 
feed variations 
~~1~w ~~.g'~~nl~~~~°~ 
~T 
1`~ 9 ~ 9 ~(~~~ 
~ ~' j ~~ 6 
~T 
l~ 9 ~ 9 ~~~~ 
~DIHI ®~ ~ 
~ ~.~~Il~~®n 
®nl~ 
~ wIl~h 
o 0 
~Ilt~Ir®n~~Ir°Il(~~~~ 
1VILVSS (mg/L) 4,750 5,980 3,930 3,220 
SST (d) 2.3 3.8 19.4 21.6 
s®UR (mg I~®/g-VSS-h) 49 46 112 21 
Feed pH 6 5 6 6 
1E~eactor pFI 8.5 8.2 8.2 6.9 
Feed Alkalinity 
(mg/L as CaCO3) 
2,100 2,100 1,305 1,340 
Effluent Alkalinity 
(mg/L as CaC®3) 
2,370 1,030 1,370 1,280 
Figure 3.12. biomass pictures of Darling Condensate WW at an 18-hour I~RT (left) and a 36-
hour H1ZT (right) (1000x) 
A microscopic image of the biomass was taken from the 18 and 36-hour I-~RT 
reactors, as shown in Figure 3.12. The bacteria were gram stained, with gram-negative 
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bacteria staining red and gram-positive bacteria staining blue (Loynachan, 2005). The 
pictures showed that a mixture ofgram-positive and gram-negative pin floc bacteria 
dominated in the 18 and 36-hour HRT bioreactors. 
Summary of HRT Results for Darling Condensate VVW 
A summary of the 12, 18, 36 and 48-hour HRT VFA removals axe shown in Table 
3.11. The Darling condensate wastewater was successfully pretreated to remove VFAs. The 
48-hour HRT bioreactor had the highest VFA removal of 74%. The 12, 18 and 36-hour 
HRTs had VFA removals of 43%, 52% and 34%, respectively. 
Table 3.11. Summary of VFA removal for Darling Condensate W~V with vaxying HRTs 
HRT (hour) 
VFA Removal 
(%) 
12 43 
18 52 
36 34 
48 74 
Further investigations were completed for the 18-hour HRT. An experiment was 
completed to see if a feed pHs of 5 and 6 would improve VFA removal. Also, an experiment 
was conducted to see if adding phosphorus only and then phosphorus with micronutrients 
would improve VFA removal. Table 3.12 summarizes the 18-hour HRT feed variation 
results. It should be noted that the high VFA removal for the phosphorus supplement is due 
to a less concentrated wastewater being used in the experiment. The highest VFA removal 
was achieved when only phosphorus was added to the wastewater. 
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Table 3.12. Summary of VFA removal for Darling Condensate WW at an 18-hour HRT 
under different feed conditions 
Wastewater Feed Conditions 
VFA Removai 
o ( /o) 
N, P, Feed pH of 6 83 
N, P, Feed pH of 5 81 
P addition only 95 
P with micronutrient addition 11 
Menu Food 
Menu Food has a SCOD concentration of 450 mg/L and requires a 10-hour HRT for 
complete aerobic treatment. Menu Food manufactures pet food and should contain sufficient 
N and P concentrations, but nitrogen and phosphorus analysis were conducted for the 
wastewater, as shown in Table 3.13. The wastewater contained a SCOD:TKN:P ratio of 
150:82:22, which indicates that there are sufficient N and P concentrations in the wastewater. 
The average bioreactor DO level was 7-8 mg/L. The initial pH of the Menu Food wastewater 
was 6.8. The HRTs tested were 4.5 and 9-hour. 
Table 3.13. Menu Food WW nutrient analysis for N and P 
Nutrients 
Feed Concentration 
~m~~ 
TKN 240 
Ammonia-N 125 
Total P 65 
Bioreactor Configurations 
The Menu Food wastewater was treated at HRTs of 4.5 and 9-hours in the PVC pipe 
bioreactors. The 4.5-hour HRT bioreactor was fed every 30 minutes, aerated for 20 minutes, 
settled for 10 minutes and pumped the effluent every 3 0 minutes. The 9-hour HRT was fed 
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every hour, aerated for 50 minutes, settled for 10 minutes and pumped the effluent every 
hour. 
I~e~u~~s 
The feed and effluent vFA concentrations are given in Figure 3.13. At the 4.5-hour 
I~R.T, the average effluent vFA concentration was 95 mg/L, as FIAc with a vFA removal of 
5 5 %. At the 9-hour IE ~ ~'' T, a 63 % vFA removal was achieved with an average effluent vFA 
concentration of 75 mg/L as IIAc. It is interesting to see that the VFA removal rate did not 
significantly increase when the ~T was doubled. 
Figure 3.13. IVlenu Food ww vFA cancentrations at varying ]E~~Ts 
A ~C analysis was completed on the feed and effluent wastewaters to determine the 
individual vFA concentrations. The GC analysis was conducted at Analytical Services 
Laboratory in Ames, Iowa. Table 3.14 shows the individual vFA removals at ~IRTs of 4.5 
and 9-hour I-~I~Ts. The feed and effluent vFA concentrations are presented in Appendix ~. 
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The higher VFA removal was achieved at the 9-hour HRT, which removed 70% or more of 
each individual VFA, with a total VFA removal of approximately 72%. The 4.5-hour HRT 
individual VFA removal ranged from 30-72%, with a total VFA removal of 43%. Generally 
the shorter carbon chain VFAs, such as acetic acid, are more readily removed from the 
wastewater than butyric and valeric acids (Maier et al., 2000). The individual VFA 
concentrations should sum to the total VFA concentration obtained by the distillation 
method, but there is a discrepancy between the two values that has yet to be determined. 
Table 3.14. Individual VFA removal for Menu Food WW at varying HRTs 
Individual VFAs 
4.5-hour HRT 
Removal (%) 
9-hour HRT 
Removal (%) 
Acetic acid 30 72 
Propionic acid 50 71 
iso-butyric acid 30 70 
n-butyric acid 60 72 
2-methyl butyric acid 50 75 
3-methyl butyric acid 36 79 
n-valeric acid 72 79 
Total VFA Removal 43 72 
Statistical analysis was conducted on the VFA data collected for the Menu Food 
wastewater using the t-test to obtain confidence intervals. The t-test showed there was not a 
significant difference between the 4.5 and 9-hour HRT effluent VFA concentrations. The 
complete set of VFA and SCOD statistical data can be found in Appendix C. 
The feed and effluent SCOD data for the 4.5 and 9-hour HRT is presented in Figure 
3.14. The 4.5-hour HRT produced an average effluent SCOD concentration of 145 mg/L 
with a SCOD removal of 67%. The 9-hour HRT achieved a SCOD removal of 69% and an 
average effluent SCOD concentration of 135 mg/L. The OLR values are given in Table 3.15. 
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The S~®~ data also supports the conclusion that the 9-hour IK~T had a slightly higher VFA 
and S~®I~ removal than the 4.5-hour FIRT. 
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Figure 3.14. IVlenu Food ww SC®I~ concentrations at varying II~Ts 
The 4.5 and 9-hour ~T operating conditions are shown in Figure 3.15. The IV~LV S S 
concentrations for both I~RTs were above the minimum activated sludge 1VILV S S 
concentration. The complete set of feed, effluent and reactor TS S and V S S concentrations 
are presented in Appendix :', The 4.5 and 9-hour H1~T bioreactors had SSTs of 3.5 and 5.8 
days respectively. The SIFT values are low, but are above the minimum requirement of 3-5 
days for C®I~ removal (Grady et al., 1999). The low SRT was attributed to high solids 
concentrations in the effluent, so it would be recommended that a settling time of 3 ®minutes 
be used in the pilot testing. 
s®tJR tests were conducted for both the 4.5 and 9-hour I~1~Ts, as shown in Table 
3.15. s®LJl~ values normally range from 40-15 0 mg I~®/g-V S S-h, with higher s®LJ '' values 
showing more active biomass (~I[enze et al., 2001). The s®UR values for the 4.5 and 9-hour 
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HRTs were 149 and 155 mg DO/g-VSS-h respectively, which showed the biomass was 
active for both HRTs. 
The feed and reactor pH data is shown in Table 3.15. The feed pH for both 
bioreactors was 6.8. The reactor pHs were 7.7 and 7.6 for the 4.5 and 9-hour HRTs. The 
increase in reactor pH indicated that VFAs were being removed from the wastewater. 
Table 3.15. Menu Food ww bioreactor operating conditions at 4.5 and 9-hour HRTs 
WW Parameters 
4.5-hour 
HRT 
9-hour 
HRT 
MLVSS (mg/L) 4,350 6,650 
SRT (d) 3.5 5.8 
sOUR (mg DO/g-VSS-h) 149 155 
Feed pH 6.8 6.8 
Reactor pH 7.7 7.6 
Feed Alkalinity 
(mg/L as CaCO3) 
320 320 
Effluent Alkalinity 
(mg/L as CaCO3) 
285 250 
OLR (kg SCOD/m3-d) 22 1.1 
Alkalinity measurements were taken to see if the increase in reactor pH would affect 
the effluent alkalinity. The feed and effluent alkalinity data is presented in Table 3.15. The 
effluent alkalinity was below the feed alkalinity for both HRTs, which concluded that the 
increase in reactor pH did not affect the effluent alkalinity. 
A microscopic image was taken of the 4.5 and 9-hour HRT reactor biomass, as 
presented in Figure 3.15. The bacteria were gram stained, with gram-negative bacteria 
staining red and gram-positive bacteria staining blue (Loynachan, 2005). The 4.5-hour HRT 
biomass picture shows that pin floc and filamentous bacteria dominated in the bioreactor, 
whereas only pin floc bacteria dominated in the 9-hour HRT bioreactor. 
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Figure 3.15. biomass pictures of Menu Food WW at a 4.5-hour HRT (left) and a 9-hour H~' T 
(right) (1000x) 
~a~~~~~v ®~ I~~~' ~'~ esu~ts f®~° Menu F®®~1 ww 
In summary, the 4.5 and 9-hour ~-II~Ts were able to remove VFAs from the 1Vlenu 
Food wastewater. Table 3.16 presents the VFA removals for the 4.5 and 9-hour I-IRTs. The 
9-hour FII~T achieved a higher VFA removal of 63%. At a 4.5-hour ~-II~T, 55% of VFAs 
were removed from the wastewater. 
Table 3.16. Summary of VFA removal from Menu Food ww at 4.5 and 9-hour I-II~Ts 
TAT (h®u~°) 
~'A !: e :~~r ®v~~ 
( ~®) 
4.5 55 
9 63 
®hn I~®~°~°~~~ 
An individual process stream needed to be identified because the wastewater tested in 
Phase II had a Iow VFA concentration, but a 1.65 MGI~ flowrate. An entire wwTP would 
need to be constructed t® treat 1.65 1VI~I~ and that is completely impractical for John 
Morrell. An individual process stream needed to be identified with a high VFA 
concentration and small flowrate. In May of 2005, individual process streams were sampled 
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and analyzed for VFAs in a Sioux City analytical laboratory. Table 3.17 provides the VFA 
concentrations and flowrates for the individual process wastewater streams. The blood stick 
water was chosen as the individual process stream to pretreat because it had the highest VFA 
concentration of 3,080 mg/L as HAc and a smaller wastewater flowrate of 115,000 gallons 
per day. 
Table 3.17. John Morrell report on individual WW streams and VFA concentrations from 
Ana~ical and Consulting Services in Sioux City, Iowa___ 
WW Stream Names 
VFA (mglL 
as HAc) 
Flowrate 
(gallons) 
VFA (Ibs) 
DAF Influent 100 1,805,000 1,550 
DAF Effluent 160 1,805,000 2,365 
Blood Stick water 3,080 115,200 2,960 
Hair Hydrolyzer 1,425 1,117 13 3 
Rendering Condenser 175 - - 
Complete aerobic treatment of the blood stick wastewater can be accomplished with a 
6-day HRT. Nutrients were not added to the blood stick wastewater because it is extremely 
rich in blood, which is one of the highest sources of nutrients. Foaming control was needed 
and 1-mL of 5% silicone food grade kosher antifoam was added per day. The average 
bioreactor DO level was 7-8 mg/L. The initial pH of the blood stick wastewater was 8.6. 
The HRTs tested were 12, 18 and 24-hours. 
Bioreactor Configurations 
The 12 and 24-hour HRTs took place simultaneously in the PVC pipe bioreactors. 
The 12-hour HRT bioreactor was fed every hour, aerated for 45 minutes, settled for 15 
minutes and pumped effluent every hour. The 24-hour HRT bioreactor was fed every 2 
hours, aerated for 1.75 hours, settled for 15 minutes and pumped effluent every 2 hours. 
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The 18-hour I~RT took place in the PV"C pipe bioreactor. The bioreactor was fed 
every 1.5 hours, aerated for 1.25 hours, settled for 15 minutes and pumped out effluent every 
1.5 hours. 
~e~u~~s 
The feed and effluent vFA concentrations are presented in Figure 3.16. The 12-hour 
~-IRT produced an average VFA effluent of 5,725 mg/L as I~A.c and a 25% vF1-~ removal. 
The 18-hour ~II~T achieved a vFA removal of 50% and an average effluent vFA 
concentration of 4,275 mg/I~ as ~I11c. The highest vFA removal of 71 %was achieved by the 
24-hour ~-IRT, which produced an average effluent vFA~ concentration of 2,245 mg/~ as 
HAc. The vFA data shows that vFAs could be successfully removed from the blood stick 
wastewater. 
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Figure 3.16. vF1~ concentrations in John 1Vlorrell Mood Stick ww at varying Hl~Ts 
Statistical analysis was completed for the VFA data using the t-test to obtain 
confidence intervals. The statistical analysis proved there was a significant difference in 
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effluent VFA concentrations for the 12, 18 and 24-hour I-~Ts. It can be concluded that the 
24-hour I-I ,., T removed the highest amount of VFAs from the blood stick wastewater. The 
complete set of statistical analysis and confidence intervals for the VFA and SC®I~ data are 
presented in Appendix ~. 
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Figure 3.17. SC®I~ concentrations in John 1Vlorrell flood Stick ww at varying I-II~Ts 
The feed and effluent SC®I~ concentrations can be found in Figure 3.17. The 12-
hour FII~T was able to remove 11 % of the SC®I~ in the wastewater and produce an average 
effluent SC®I~ concentration of 17,235 mg/L. The 18-hour I-~T produced an average 
effluent S~®I~ concentration of 12,500 mg/L and 3 8% SC®I~ removal. The highest SC®I~ 
removal of 52% was accomplished with the 24-hour FII~T, with an average effluent SC®I) 
concentration of 9,3 85 mg/L. It can be concluded that the 24-hour I~I~T achieved the highest 
VFA and S~®I~ removal. 
The 12, 18 and 24-hour T operating conditions are presented in Table 3.18. All of 
the bioreactors had IVILV S S concentrations that were above the minimum requirement for an 
activated sludge process. The 12, 18 and 24-hour SIFT values were 1.5, 1.8 and 2.3 -days, 
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respectively. The SRTs were all below the minimum requirement of 3 -5 days (Grady et al., 
1999), but were able to remove SCOD. The low SRT values are due to the high solids 
concentrations in the effluent. A SVI test was conducted to determine if the biomass was 
settling properly. Low SRT values can be attributed to poor reactor biomass settleability. If 
the SVI was below 100 rnL/g, it would indicate that the reactor biomass was settling properly 
(Metcalf and Eddy, 2003). The 24-hour HRT SVI was 29 mL/g, as shown in Table 3.18. 
The SVI data indicated that the reactor biomass was settling properly and the low SRT was 
attributed to the short 15-minute settling time. It would be recommended that a 30 minute 
settling period be used for the pilot studies. 
sOUR data was attained for the 12, 18 and 24-hour HRTs, as shown in Table 3.18. 
sOUR values normally range from 40-15 0 mg DO/g-V S S-h, with higher SOUR values 
indicating more active biomass (Henze et al., 2001). The 12, 18 and 24-hour HRT sOUR 
values were 13 5, 1 OS and 160 mg DO/g-V S S-h respectively, which indicated that each HRT 
reactor biomass was very active. 
The feed and reactor pH data is given in Table 3.18. The feed pH was approximately 
6.6 for the three HRTs studied. The reactor pH increased above 8 for all HRTs, indicating 
that VFAs were removed from the wastewater. The higher reactor pH is attributed to a larger 
amount of VFAs being removed from the wastewater. The 18 and 24-hour HRT reactor pH 
is above the optimum pH range, but not above the total pH range of S-9 for biological 
systems (Eckenfelder, 2000). 
Alkalinity measurements were taken for the feed and effluent wastewaters to see if 
the increase in reactor pH would affect the effluent alkalinity. Table 3.18 provides the 
alkalinity data. The 12, 18 and 24-hour HRT effluent alkalinities are higher than the feed 
alkalinity, which can be attributed to the increase in reactor pH. 
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Table 3.18. John Morrell flood Stick ww bioreactor operating conditions at varying ' rTs 
ww ~~.~°~~e~~~°~ 
~~-h®~~° 
~'' T 
~~-h®~~° 
~~'II" 
~~-h®u~° 
~ t!'.j ~' 
MLV S S (mg/L) 7,210 11,070 11,440 
SrT (d) 1.5 1.8 2.3 
s~Ur (mg I~®/g-VSS-h} 135 105 160 
Feed pI-~ 6.6 6.7 6.5 
reactor pI-I 8.1 8.7 8.8 
Feed Alkalinity 
(mg/L as Ca~~3) 
4,095 4,095 4,095 
Effluent Alkalinity 
(mg/L as CaC®3) 
6,340 7,000 6,630 
S V I (mL/g) N/I~ N/I~ 2 8.9 
®Lr (kg SC®I~/m3-d} 39 27 20 
Note: N/D means not determined 
Figure 3.18. biomass pictures of John Morrell Blood Stick WW at a 12-hour Hl~T (left) and 
a 24-hour HRT (right) (1000x) 
Microscopic images of the biomass were taken for the 12 and 24-hour I~rT reactors, 
as shown in ]Figure 3.18. The bacteria were gram stained, with gram-negative bacteria 
staining red and gram- positive bacteria staining blue (Loynachan, 2005). The 12-hour FIIrT 
biomass picture shows that pin floc and filamentous gram negative bacteria dominated in the 
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reactor. The 24-hour HRT reactor biomass picture indicates that pin floc gram negative 
bacteria dominated. 
Summary of HRT results for John Morrell Blood Stick WW 
In summary, the 12, 18 and 24-hour HRT bioreactors were able to remove VFAs 
from the John Morrell blood stick wastewater. Table 3.19 presents the VFA removal data for 
the three HRTs studied. The 12 and 18-hour HRT produced VFA removals of 25% and 50%, 
respectively. The highest VFA removal of 71 %was achieved by the 24-hour HRT. 
Table 3.19. Summary of VFA removal from John Morrell Blood Stick WW at varying HRTs 
HRT (hour) 
VFA Removal 
(%) 
12 25 
18 50 
24 71 
CONCLUSIONS AND RECOMMENDATIONS 
The Sioux City WWTP has been experiencing filamentous bacterial growth in their 
secondary clarifiers due to high VFA concentrations entering the WWTP. ISU was 
contracted to conduct athree-phase study to investigate the WWTP operational problems. 
Phase I was a paper study to investigate the cause of high VFA loading into the WWTP. 
Phase II characterized four selected industrial wastewaters to determine appropriate 
wastewater pretreatment techniques. Phase III involved the aerobic biological pretreatment 
of the industrial wastewaters in lab-scale bioreactors to remove VFAs. Phase II and III were 
examined in this report. The four selected industries were Feed Energy, Darling, Menu Food 
and John Morrell. The Phase II wastewater characterization took place in the Fall of 2004 
and Phase III wastewater pretreatment took place in the Spring of 2005 to the Spring of 2006. 
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The following section provides the conclusions for the Phase II and III investigations 
and aerobic pretreatment recommendations for the four industrial wastewaters. The 
recommendations are for pilot-scale industrial wastewater pretreatment, which will take 
place onsite at each industry prior to discharging the wastewaters into the Sioux City sewers. 
Feed Energy 
The Phase II wastewater characterization found that aerobic and anaerobic treatment 
would be suitable to pretreat the Feed Energy wastewater. The Sioux City VVWTP decided 
that only aerobic wastewater pretreatment would be tested in Phase III. Aerobic wastewater 
pretreatment was conducted in lab-scale bioreactors with HRTs ranging from 3 hours to 6 
days. The aerobic treatment was unsuccessful in removing VFAs from the Feed Energy 
wastewater and the failure is attributed to the high TDS concentration in the wastewater. 
It is recommended that the Feed Energy wastewater not be aerobically pretreated, 
prior to disposal in the sewers. However, other disposal or treatment options could be 
explored such as using the wastewater as a deicer based on the high TDS concentration or a 
membrane process, such as reverse osmosis, to remove the TDS and then biologically 
pretreat the wastewater. 
Darling 
The Darling wastewater discharged into the sewers is a combination of process and 
condensate wastewater. The condensate wastewater was chosen for pretreatment because it 
contained a high VFA concentration. The wastewater characterization determined that 
anaerobic wastewater treatment would be suitable for pretreating the condensate wastewater. 
The Sioux City WWTP decided only aerobic wastewater treatment would be tested. Phase 
III results for the condensate wastewater showed that aerobic treatment was successful in 
removing VFAs from the wastewater. The HRTs tested in the lab-scale bioreactors ranged 
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from 12 to 48 hours, with further testing conducted using an 18-hour HRT by varying the 
feed pH and adding micronutrients to the wastewater. Table 3.20 provides a summary of the 
VFA removals with the varying HRTs studied. It should be noted that the 95% VFA 
removal for the 18-hour HRT with phosphorus supplementation occurred with a less 
concentrated wastewater, so it would be realistic to expect a reduction in VFA removal with 
a more concentrated wastewater stream. In general, the VFA removal improved when the 
HRT increased. 
Table 3.20. Darling 
HRT (hour) VFA Removal (%) 
12 43 
18 52 
36 34 
48 74 
18-hour HRT with 
P addition only 
95 
For the pilot-scale testing, it is recommended that the Darling condensate wastewater 
be pilot tested with the range of HRTs from 18 to 48-hours, with a feed pH of 6 and 
phosphorus supplementation. A full-scale HRT should be selected based on pilot-scale VFA 
removals, keeping in mind that a smaller HRT will decrease cost. 
Menu Food 
The Phase II wastewater characterization found that aerobic and anaerobic treatment 
should be investigated to pretreat the Menu Food wastewater. Only aerobic wastewater 
pretreatment was investigated in Phase III, per the Sioux City WWTP request. The Phase III 
laboratory-scale aerobic wastewater pretreatment investigation found that the Menu Food 
wastewater was successfully pretreated to remove VFAs. The VFA removal improved with 
an increase in HRT, as shown in Table 3.21. 
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Table 3.21. Menu Food W W VFA removal at varying HRTs 
HRT (hour) VFA Removal (%) 
4.5 55 
9 63 
It would be recommended that the Menu Food wastewater be pilot-scale tested with 
HRTs ranging from 4. S -9 hours, with a 3 0-minute settling time. 
John Morrell 
The John Morrell wastewater tested in Phase II was a dilute VFA stream with a 
significant wastewater flowrate of 1.65 MGD. The manufacturing process was further 
investigated to determine a smaller, more concentrated VFA wastewater stream to pretreat. 
The blood stick wastewater had the highest VFA concentration and a smaller wastewater 
flowrate of 115,000 gallons per day. The blood stick wastewater was successfully treated in 
the laboratory-scale bioreactors and the HRTs studied were 12, 18 and 24-hours. Table 3.22 
provides a summary of the VFA removals for the varying HRTs. It should be noted that the 
VFA removal improved when the HRT increased. 
Table 3.22. John Morrell Blood Stick WW VFA removal at varying HRTs 
HRT (hour) VFA Removal (%) 
12 25 
18 50 
24 71 
It is recommended that the John Morrell blood stick wastewater is pilot tested with 
HRTs ranging from 18-24 hours, with a 3 0-minute settling time. 
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APPENDIX A. EQUATIONS 
HRT Calculation 
HRT=V 
Q 
HRT =hydraulic retention time (h) 
V =volume of bioreactor (L) 
Q =feed flowrate (L/h) 
VFA Calculations 
VFA — 
60,000~OVXN~ 
(f XVoI~ 
Equation A.l . 
Equation A.2. 
VFA =volatile fatty acid concentration expressed as acetic acid (mg/L Ac) 
0V =volume of sodium hydroxide titrant used (mL) 
N =normality of sodium hydroxide (N) 
f =recovery factor for distillation equipment 
Vol =wastewater sample volume (mL) 
VF~Feed — vFA Efjluent 
VFARe moves! — x100 
VFA~~e~t
VFARemo„al =volatile fatty acid percent removal (%) 
VFAFeea =feed wastewater VFA (mg/L) 
VFAE~lle1t =effluent wastewater VFA (mg/L) 
Equation A.3. 
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COD Calculations 
COD — 
g~000~Blank — SampleXMFAS~ 
Vol 
COD =chemical oxygen demand (mg/L) 
Blank = titrant volume for nanopure water refluxed blank sample (mL) 
Sample = titrant volume for wastewater sample (mL) 
MFAS = titrant molarity of ferrous ammonium sulfate (M) 
Vol =sample volume of wastewater (mL) 
COD I;e~d — CODF_ffluent 
COD Re mova! — x100 
CODl:ecd 
CODRemo,,a~ =chemical oxygen demand percent removal (%) 
CODFeea =feed wastewater COD (mg/L) 
CODE~Uent =effluent wastewater COD (mg/L) 
SCOD OLR Calculation 
OLR — 
\SCODFeed ~~l 
1000(V~ 
OLR =soluble COD loading rate (kg/m3-d) 
SCODFeea =soluble COD of feed (mg/L) 
Q =feed flowrate (L/d) 
V = bioreactor volume (L) 
Equation A.4. 
Equation A. S . 
Equation A.6. 
To compute the HRT required for SCOD OLR = 1.0 kg/m3-d, the following steps 
were used: 
1. SCOD OLR = 1.0 kg/m3-d and use equation A.6 to solve for Q 
2. Use Q and equation A.1 to compute HRT 
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TSS and VSS Calculations 
6 
TSS = ~W'o3 ~ ~ ~10 Equation A.7. 
of 
TSS =total suspended solids (mg/L) 
Wlo3 =filter weight +filtered sample +aluminum dish after drying in 103°C oven (g) 
W; =initial weight of filter +aluminum dish (g) 
Vol =sample volume filtered (mL) 
6 
I~SS = ~Wio3 — Wsso 
~10 
Vol 
VSS =volatile suspended solids (mg/L) 
Wsso =filter weight +filtered sample +aluminum dish after drying in 550°C oven (g) 
W103 =filter weight +filtered- sample +aluminum dish after drying in 103°C oven (g) 
Vol =sample volume filtered (mL) 
SRT Calculations 
SRT =  V VX  (sludge wasting) 
~W n R + ~e~e 
SRT =  VX  (no sludge wasting) 
Qe X  e 
SRT =solids retention time (d) 
V =volume of bioreactor (L) 
X = TSS aeration tank mass concentration (mg/L) 
QW =recycle waste sludge flowrate (L/d) 
XR = TSS concentration of the recycle waste sludge stream (mg/L) 
Qe =effluent flowrate (L/d) 
Xe =effluent TSS concentration (mg/L) 
Equation A.8. 
Equation A.9. 
Equation A.10. 
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sOUR Calculation 
SOUR — 
60~Slope~ 
(VSSXVoI~ 
B BODv~~ 
SOUR =specific oxygen uptake rate (mg DO/g-VSS-h) 
Slope =linear slope from SOUR test (mg DO/min) 
VSS =volatile suspended solids concentration in reactor (mg/L) 
Vol =amount of reactor biomass added to BOD bottle (mL) 
BOD,,oi =volume of BOD bottle (L) 
F/M Calculation 
Equation A.l 1. 
F QS° (WWTP) Equation A.12. 
M VX 
F/M =food to microorganism ratio 
Q =influent flowrate (L/d) 
So =influent BOD concentration (mg/L) 
V =aeration tank volume (L) 
X =biomass concentration in aeration tank (mg/L) 
F (SCO D Heed /\B~Dv~~ 1 
M ~VSS~Vo11000/ 
(BOD bottle) Equation A.13. 
F/M =food to microorganism ratio 
SCODFeed =feed soluble COD (mg/L) 
BOD,,o~ =volume of BOD bottle (L) 
VSS =volatile suspended solids concentration in reactor (mg/L) 
Vol =amount of reactor biomass added to BOD bottle (mL) 
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Alkalinity Calculations 
Alk = LHCO3 ~+ 2~CO3- J+ lOH-
Alk =alkalinity (meq/L) 
LHCO3 ~ =bicarbonate concentration (meq/L) 
LC03 -~ =carbonate concentration (meq/L) 
LOH- ~ =hydroxides (meq/L) 
lH+~ =hydrogen (meq/L) 
Alk — 
50,000(OVXN~
Vol 
Alk =alkalinity (mg/L as CaCO3) 
DV =volume of sulfuric acid titrant used (mL) 
N =sulfuric acid normality (N) 
Vol =wastewater sample volume (mL) 
SVI Calculation 
SVI — 
1000(SSV 
TSS 
SVI =sludge volume index (mL/g) 
SSV =settled sludge volume (mL/L) 
TSS =total suspended solids in reactor (mg/L) 
TDS Calculation 
TDS ~ 640(EC~ 
TDS =total dissolved solids (mg/L) 
EC =electrical conductivity (dS/m) 
Equation A .14 . 
Equation A.15. 
Equation A.16. 
Equation A.17. 
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APPENDIX B. TCOD, SOLIDS AND INDIVIDUAL VFA DATA 
Feed Energy 
TCOD Data 
Table B.l. Feed Energy WW TCOD concentrations at varying HRTs 
WW Parameters 
3-hour 
HRT 
12-hour 
HRT 
1.1-day 
HRT 
1.5-day 
HRT 
3-day 
HRT 
6-day 
HRT 
Feed TCOD (mg/L) 70,260 70,260 67,220 67,220 68,640 68,640 
Effluent TCOD (mg/L) 101,830 76,820 63,970 49,000 71,860 48,990 
TSS and VSS Data 
Table B.2. Feed Ener~v WW TSS and VSS concentrations at varvin~ HRTs 
VVW Parameters 
3-hour 
HRT 
12-hour 
HRT 
1.1-day 
HRT 
1.5-day 
HRT 
3-day 
HRT 
6-day 
HRT 
Feed TSS (mg/L) 16,160 16,160 13,800 13,800 3,670 3,670 
Feed VSS (mg/L) 7,980 7,980 8,310 8,310 1,810 1,810 
Effluent TSS (mg/L) 39,180 21,250 20,350 17,390 10,530 13,270 
Effluent VSS (mg/L) 27,810 12,960 11,050 9,160 6,490 8,120 
MLSS (mg/L) - - - - 11,540 15,153 
MLVSS (mg/L) - - - - 8,320 9,410 
Darling Condensate 
TCOD Data 
Table B.3. Darling Condensate WW TCOD concentrations at varying HRTs 
~%WV Parameters 
12-hour 
HRT 
18-hour 
HRT 
36-hour 
HRT 
48-hour 
HRT 
Feed TCOD (mg/L) 7,950 8,165 8,145 8,095 
Effluent TCOD (mg/L) 5,035 4,800 5,285 4,050 
Table B.4. Darling Condensate WW TCOD concentrations at an 18-hour HRT with feed 
variations 
WW Parameters 
N, P, Feed 
pH 6 
N, P, Feed 
pH 5 
Padded P, Micronutrients 
added 
Feed TCOD (mg/L) 8,755 8,755 4,125 5,140 
Effluent TCOD (mg/L) 3,605 5,170 378 3,123 
7s 
TSS and VSS Data 
Table B . 5 . Darling Condensate TSS and VSS concentrations at varying HRTs 
WW Parameters 
12-hour 
HRT 
18-hour 
HRT 
36-hour 
HRT 
48-hour 
HRT 
Feed TSS (mg/L) 105 160 160 180 
Feed VSS (mg/L) 90 105 105 130 
Effluent TSS (mg/L) 440 560 930 2,670 
Effluent VSS (mg/L) 405 480 795 2,230 
MLSS (mg/L) 7,630 5,090 2,620 3,190 
MLVSS (mg/L) 7,010 4,420 2,300 2,710 
Table B.6. Darling Condensate WW TSS and VSS concentrations at an 18-hour HRT with 
feed variations 
WW Parameters 
N, P, Feed 
pH 6 
N, P, Feed 
pH 5 
Padded P, Micronutrients 
added 
Feed TSS (mg/L) 32 32 54 730 
Feed VSS (mg/L) 20 20 52 590 
Effluent TSS (mg/L) 2,045 2,120 175 165 
Effluent VSS (mg/L) 1,970 2,03 5 160 160 
MLSS (mg/L) 5,580 6,460 4,510 3,675 
MLVSS (mg/L) 4,750 5,980 3,930 3,220 
Individual VFA Data 
Table B.7. Darling Condensate WW individual VFA concentrations for 12 and 48-hour HRT 
Individual VFAs 
Feed 12-hour HRT 
Effluent 
48-hour HRT 
Effluent 
Acetic acid (mg/L) 471 59 101 
Propionic acid (mg/L) 830 566 72 
iso-butyric acid (mg/L) 41 30 4 
n-butyric acid (mg/L) 413 175 28 
2-methyl butyric acid (mg/L) 31 21 4 
3-methyl butyric acid (mg/L) 48 34 4 
n-valeric acid (mg/L) 458 278 31 
Total VFA concentration (mg/L) 2,292 1,163 244 
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Table B.B. Darling Condensate WW individual VFA concentrations for 18 and 36-hour HRT 
Individual VFAs 
Feed 18-hour HRT 
Effluent 
36-hour HRT 
Effluent 
Acetic acid (mg/L) 574 242 310 
Propionic acid (mg/L) 993 434 483 
iso-butyric acid (mg/L) 42 27 43 
n-butyric acid (mg/L) 492 210 276 
2-methyl butyric acid (mg/L) 33 20 32 
3-methyl butyric acid (mg/L) 51 20 23 
n-valeric acid (mg/L) 540 302 364 
Total VFA concentration (mg/L) 2,725 1,255 1,531 
Table B.9. Darling Condensate WW individual VFA concentrations at an 18-hour HRT with 
feed pH 6 and 5 
Individual VFAs 
Feed Feed pH 6 
Effluent 
Feed pH 5 
Effluent 
Acetic acid (mg/L) 556 35 44 
Propionic acid (mg/L) 981 104 133 
iso-butyric acid (mg/L) 49 12 12 
n-butyric acid (mg/L) 490 27 51 
2-methyl butyric acid (mg/L) 40 7 8 
3-methyl butyric acid (mg/L) 60 10 9 
n-valeric acid (mg/L) 558 49 109 
Total VFA concentration (mg/L) 2,734 244 366 
Menu Food 
TCQD Data 
Table B.10. Menu Food WW TCOD concentrations at varying HRTs 
WW Parameters 
4.5-hour 
HRT 
9-hour 
HRT 
Feed TCOD (mg/L) 1,980 1,980 
Effluent TCOD (mg/L) 380 270 
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TSS and VSS Data 
Table B .11. Menu Food W W TSS and VSS concentrations at varying HRTs 
WW Parameters 
4.5-hour 
HRT 
9-hour 
HRT 
Feed TSS (mg/L) 1,500 1,500 
Feed VSS (mg/L) 1,245 1,245 
Effluent TSS (mg/L) 265 1,010 
Effluent VSS (mg/L) 170 765 
MLSS (mg/L) 5,220 7,925 
MLVSS (mg/L) 4,350 6,650 
Individual VFA Data 
Table B.12. Menu Food WVV individual VFA concentrations for 4.5 and 9-hour HRTs 
Individual VFAs 
Feed 4.5-hour HRT 
Effluent 
9-hour HRT 
Effluent 
Acetic acid (mg/L) 158 111 45 
Propionic acid (mg/L) 117 58 34 
iso-butyric acid (mg/L) 10 7 3 
n-butyric acid (mg/L) 25 10 7 
2-methyl butyric acid (mg/L) 8 4 2 
3-methyl butyric acid (mg/L) 14 9 3 
n-valeric acid (mg/L) 29 8 6 
Total VFA concentration (mg/L) 361 207 100 
John Morrell 
TCOD Data 
Table B.13. John Morrell Blood Stick WW TCOD concentrations at varying HRTs 
~VW Parameters 
12-hour 
HRT 
18-hour 
HRT 
24-hour 
HRT 
Feed TCOD (mg/L) 22,715 22,715 22,715 
Effluent TCOD (mg/L) N/D 16,410 16,360 
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TS~~ and VSS Data 
Table B.l 4. John Morrell Blood Stick WW TSS and VSS concentrations at varying HRTs 
VWV Parameters 
12-hour 
HRT 
18-hour 
HRT 
24-hour 
HRT 
Feed TSS (mg/L) 2,020 2,520 2,290 
Feed VSS (mg/L) 1,560 2,050 1,820 
Effluent TSS (mg/L) 3,200 5,450 6,080 
Effluent V S S (mg/L) 2, 5 00 4,295 4, 700 
I~1LSS (mg/L) 8,930 13,250 13,820 
I~ILV S S (mg/L) 7,210 11,070 11,440 
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APPENDIX C. STATISTICAL DATA 
Two-tailecll t-test Equations 
CI = x 1 -.x 2 ± t l-a/2,v 
v= 
CI =Confidence Interval 
xl =Group 1 mean value 
/S2 S2 ~2 
1  +  2 
~n n2 i 
X5,2 1 2 /S,2 ~2 
1 2 
~ nl ~  + ~ n2 
n, —1 n2 —1 
x2 =Group 2 mean value 
t,_~I2 ~ = t-value for two-tailed t-test 
a = 95% confidence level = 0.05 
s; =Group 1 variance 
s2 =Group 2 variance 
n, =sample size of group 1 
n2 =sample size for group 2 
2 2 
Sl + S2
ni n2
Equation C . l . 
Equation C.2. 
If 1:he CI range is above or below zero, then it is concluded that there is a significant 
difference in the group means. If the CI range crosses zero, then there is not a significant 
difference between the two group means. 
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Darling Condensate Confidence Intervals 
12-hour versus 18-hour HRT 
With 95 % confidence, the 12-hour HRT average effluent VFA concentration ranged 
from 5,810 mg/L as HAc higher to 4,385 mg/L as HAc lower than the 18-hour HRT effluent. 
The SCOD data confidence intervals showed that the 12-hour HRT average effluent SCOD 
concentrations ranged from 5,415 mg/L higher to 3,885 mg/L lower than the 18-hour HRT. 
It can be concluded that the VFA and SCOD effluent concentrations were not significantly 
different for the 12 and 18-hour HRTs. 
12-hour HRT versus 36-hour HRT 
With a 95% confidence level, the average effluent VFA concentration for the 12-hour 
HRT ranged from 4,845 mg/L as HAc higher to 4,915 mg/L as HAc lower than the 36-hour 
HRT effluent. The t-test showed that the 12-hour HRT average effluent SCOD concentration 
ranged from 5,155 mg/L higher to 4,460 mg/L lower than the 36-hour HRT effluent SCOD 
concentration. It can be concluded that there was not a significant difference between the 12 
and 3 6-hour HRT VFA and S COD effluent concentrations. 
12-hour versus 48-hour HRT 
The 12-hour HRT average effluent VFA concentration ranged from 6,555 mg/L as 
HAc higher to 3,160 mg/L as HAc lower than the 48-hour HRT effluent VFA concentration. 
The 12-hour HRT effluent SCOD concentration ranged from 7,740 mg/L higher to 1,3 80 
mg/L lower than the 48-hour HRT effluent SCOD concentration. With a 95%confidence 
level, it can be concluded that there was not a significant difference between the 12 and 48-
hour HRT effluent VFA and SCOD concentrations. 
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18-hour versus 36-hour HRT 
With a 95% confidence level, the 18-hour HRT effluent VFA concentration ranged 
from 3 3 S mg/L as HAc higher to 1, 8 3 5 mg/L as HAc lower than the 3 6-hour HRT effluent. 
The 18-hour HRT effluent SCOD concentration varied from 1,085 mg/L higher to 1,920 
mg/L lower than the 36-hour HRT effluent SCOD concentration. It can be statistically 
concluded that the 18 and 36-hour HRTs effluent VFA and SCOD concentrations were not 
significantly different. 
18-hour versus 48-hour HRT 
The average effluent VFA concentration for the 18-hour HRT ranged from 2,025 
mg/L as HAc higher to 55 mg/L as HAc lower than the effluent concentration for the 48-hour 
HRT. The effluent SCOD concentration for the 18-hour HRT ranged from 1,360 to 3,475 
mg/L higher than the 48-hour HRT effluent SCOD concentration. With a 95%confidence 
level, it can be concluded that the average effluent VFA concentration for the 18 and 48-hour 
HRTs were not significantly different. However, it can be concluded that the 48-hour HRT 
effluent SCOD concentration was significantly lower than the 18-hour HRT effluent. 
36-hour versus 48-hour HRT 
With a 95% confidence level, the 36-hour HRT effluent VFA concentration averaged 
1,300 to 2,165 mg/L as HAc higher than the 48-hour HRT effluent VFA concentration. The 
average effluent SCOD concentration for the 36-hour HRT ranged from 1,245 to 4,425 mg/L 
higher than the 48-hour HRT effluent concentration. It can therefore be concluded that the 
36-hour HRT average effluent VFA and SCOD concentrations were significantly higher than 
the 4 8 -hour HRT. 
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Menu Food Confidence Intervals 
4.5-hour versus 9-hour HRT 
With a 95% confidence level, the 4.5-hour HRT effluent VFA concentration ranged 
from 40 mg/L as HAc higher to 10 mg/L as HAc lower than the 9-hour HRT effluent VFA 
concentration. The 4.5-hour HRT effluent SCOD concentration varied from 30 mg/L higher 
to 15 mg/L lower than the 9-hour HRT. It can be concluded that there was no significant 
difference between the 4.5 and 9-hour HRT effluent VFA and SCOD concentrations. 
John Morrell Blood Stick Confidence Intervals 
12-hour versus 18-hour HRT 
With a 95% confidence level, the 12-hour HRT average effluent VFA concentration 
ranged from 185 to 2,720 mg/L as HAc higher than the 18-hour HRT effluent. The effluent 
SCOD concentration for the 12-hour HRT varied from 3,605 to 5,855 mg/L higher than the 
18-hour HRT effluent SCOD concentration. It was concluded that the 12-hour HRT effluent 
VFA and SCOD concentrations were significantly higher than the 18-hour HRT. 
12-hour versus 24-hour HRT 
The 12-hour HRT effluent VFA concentrations ranged from 2,165 to 4,795 mg/L as 
HAc higher than the 24-hour HRT effluent. The average effluent SCOD concentrations for 
the 12-hour HRT ranged from 6,750 to 8,950 mg/L higher than the 24-hour HRT effluent 
SCOD concentration. With a 95% confidence level, it can be concluded that the 12-hour 
HRT effluent VFA and SCOD concentrations were significantly higher than the 24-hour 
HRT. 
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18-hour versus 24-hour HRT 
With a 95% confidence level, the 18-hour HRT effluent VFA concentration averaged 
between 1,73 5 to 2,320 mg/L as HAc higher than the 24-hour HRT effluent. The average 
SCOD concentration for the 18-hour HRT varied between 1,970 to 4,265 mg/L higher than 
the 24-hour HRT effluent concentration. It was concluded that the 18-hour HRT average 
effluent VFA and SCOD concentrations were significantly higher than the 24-hour HRT 
effluent concentrations. 
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